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REMARKS 

Consideration and continuing examination of the above- 
identified application is respectfully requested in view of the 
amendments above and the discussion that follows. 

Claims 21, 54 and 56 have been amended. Claims 21-26, 
28-29 and 52-57 are in the case and are before the Examiner. 

A. The Amendments 

Claims 21, 54 and 56 were amended to more clearly 
recite the claimed invention by clarifying that the recited 
enzymes "are utilized in a single reaction mixture" as was 
recited in the claims of the issued parental patent. 

It is thus seen that no new matter has been added. 

B . Responses to the "Attachment to Advisory Action" 

Although maintaining the previous rejections, the 
Examiner was kind enough to provide extensive comments to 
further underscore his views in making those rejections. This 
paper is provided to respond to those comments and provide 
requested answers to several questions. 

In the second paragraph of the Attachment, it is noted 
that it was unclear how Schachter's separation of the fucose 
kinase from the pyrophosphorylase could teach away from claims 
21, 23, 26, 52-54 and 56. It is first noted that the enumerated 
claims were grouped together with claim 25 in the original 
rejection. It is next noted that counsel's claims 23 and 25 
recite the presence of a kinase. 



BEST AVAILABLE COPY 



Serial No. 09/992,680 



The Attachment notes in the next paragraph that there 
is "nothing in Schachter suggesting that the enzymes must be 
separated in order to be active." It is submitted that the 
suggestion here is from the observation that Schachter did in 
fact separate the two activities from the same preparation 
before he used them. If he thought they were compatible, he 
would have done the reaction using a single preparation and 
saved himself a great deal of time and difficulty in the 
laboratory. It is further submitted that those separation 
activities and the self -subj ection to further work are akin to 
the non-assertive conduct exception to the hearsay rule of 
evidence such as where a ship's captain inspects his ship prior 
to setting sail being evidence that he thought the ship to be in 
safe condition prior to leaving port. 

This portion of the Attachment continued with the 
comment that the fact that both enzymes were active at the same 
pH value was suggestive of their being coupled in an in vitro 
synthesis system in accordance with the reaction scheme shown on 
page 285 of Schachter. One major problem with that line of 
reasoning is that the text above that scheme talks of separated 
enzymes, which again is non-assertive conduct relating to the 
enzymes needing to be used separately. 

'That paragraph continued with the assertion that 
because applicant provided no factual evidence of a requirement 
for separating the enzymes such as a statement by Schachter to 
that effect, the argument for separation is based on conjecture 
and lacks support. Actually, it is submitted that the only fact 
present here is that the relied-on art taught the separation of 
both enzymes and their separate use, and that those actions 
speak louder than the requested words. As such, the contrary 
conclusion expressed in the Attachment is itself unsupported 
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supposition that should be supported by art or a evidence under 
37 C.F.R. §1.104 (d) (2) . 

In discussing Dr. Paulson's expert testimony, the 
Attachment complains that no literature citations were provided 
in its support. It is submitted that Dr. Paulson's expert 
testimony should be more than enough to refute an unsupported 
Examiner's assertion. However, as will be seen from the 
following, the literature supports Dr. Paulson's position. To 
reiterate, that position was as follows: 

12) That the enzymes involved in the 
claims do not naturally occur together in 
the same compartment in eukaryotic cells, 
rather, 

a) the fucosyltransf erase is 
inside the Golgi apparatus, and the GDP- 
fucose and GDP-mannose forming enzymes are 
in the cytoplasm, 

b) the enzymes are thus separated 
by a membrane; and 

c) the finished GDP-fucose is 
transported into the Golgi apparatus, and 
the GDP product is exported back into the 
cytoplasm. 

The Examiner's attention is invited to attached Exhibit 1 that 
is a true copy of Capasso and Hirschberg, Proc . Natl. Acad. Sci, 
USA 81 : 7051-7055 (Nov. 1984), hereinafter Capasso, and 
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particularly to Fig. 3 on page 7055. That figure and the 
discussion immediately therebelow illustrates the art -recognized 
flow of GDP-fucose fucose from the cytosol through the Golgi 
membrane and into the inside of the Golgi where it is used to 
fucosylate an appropriate substrate using an internal 
fucosyltransf erase . 

The Examiner's attention is also invited t Fig. 2 of 
Pauslon et al . J. Biol. Chem. 264 (30) : 17615-17618 (1989) at page 
17616 that is attached as Exhibit 2. That figure provides a 
schematic drawing showing the structure of a glycosyltransf erase 
such as one of the fucosyltransf erases noted in Table 1 on that 
same page. The exemplified fucosyltransf erase has a cytoplasmic 
N- terminal tail, a signal -anchor region embedded in the Golgi 
membrane and a catalytic domain within the Golgi. Enclosed 
Exhibit 3, Larsen et al . , Proc . Natl. Acad. Sci., USA 87:6674- 
6678 (1990) , discloses a nucleotide sequence encoding a 
fucosyltransf erase and the discussion on ;the right-hand side of 
page 6676 notes the structural features and presumed Golgi 
location for the enzyme. These three papers are noted on 
enclosed Form PTO 1449. 

The Golgi location for a fucosyltransf erase is thus 
believed to be established. 

The Action asserted that applicant or Dr. Paulson had 
claimed that the enzymes involved here had different pH maxima. 
Actually, Dr. Paulson's statements at paragraph 13 were: 

13) That the two cellular two 
compartments [Golgi and cytoplasm] are 
documented to be quite different from each 
other in pH, reducing environment, and the 
like; 
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Attached Exhibit 4 [Cosson et al . , J- Cell Biol., 
108:377-387 (1989)] illustrates that the pH value for the 
cytoplasm is usually between 7.0 and 7.2, whereas the Golgi pH 
value is in the 6's. Attached Exhibit 5 

[http: //mcb.berkeley . edu/courses/mcbl3 7/exercises/Lesson9%2 0- 
%20pH%20Regulation.pdf ] is a more recent compilation that 
provides pH values for several intracellular compartments. 

In regard to the possible interactions recited 
previously, it was known in the art that the similar system 
containing the enzyme that forms CDP from CMP (nucleoside 
monophosphokinase) , pyruvate kinase and CMPNeuBAc synthase were 
incompatible because the synthase is inhibited by CMP. See, for 
example, David and Auge' , Pure & Appl . Chem. , 59 (11) : 1501-1508 

(1987) that is attached as Exhibit 6, and page 215 of document 
A29 of the IDS that is re-provided in more complete form here as 
Exhibit 7. The application, beginning at midway down page 24 
and continuing over the next several pages provides ample 
citations and data such as at least the data of application Fig. 
3 showing inhibition of a fucosyltransf erase by GDP in the 
presence of GDP-fucose for the skilled worker to appreciate the 
similarity of the feed-back product inhibition that these 
enzymes undergo. Thus, similar pH optima notwithstanding, there 
was ample art -recognized evidence for believing there could be 
an adverse interaction in the present system. 

The Advisory notes that the Schachter enzyme was 
present in a sufficient quantity to catalyze the there desired 
reaction and therefore used a catalytic amount. It is 
respectfully submitted that workers of ordinary skill in this 
art are well aware of the meaning of "catalytic amount" and in 
view of the interaction between the enzymes, the reactants and 
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the reaction products discussed above and in the specification 
would understand the necessity for use of catalytic amounts, 
which Schachter did not need because he separated the reactions. 
That use of catalytic amounts is still nowhere to be found in 
the relied-on teachings and should not be tossed off as if it 
were of no consequence . 

In regard to the use of pyruvate kinase, it is agreed 
that it can be used to make ATP. However, ATP is used in only 
some reactions for the preparation of unclaimed materials. 
Here, pyruvate kinase is linked with GDP to form GTP that is 
used to make the activated fucosylating entity, GDP-fucose. It 
is submitted that ATP will not substitute here. It is further 
submitted that the paragraph bridging pages 7 and 8 of the 
Advisory should be reviewed for their use of ADP and ATP, and 
the disclosures of Scheme 1 at page 13 should be compared in 
regard to the claimed subject matter with the disclosures of 
Schemes 12 and 13 . 

In regard to the Yamamoto teaching, the Action 
continues to in not owning up to its mis-citation of the 
Yamamoto disclosure, while counsel will agree that Yamamoto was 
relied-on for a teaching but not actually quoted. What was 
quoted was the wrong page number. More pertinently however, the 
Yamamoto teaching is submitted to be no better than the 
Schachter teaching. There is nothing in that paper nor in Bergh 
nor in Schachter that suggests putting everything together. 
That suggestion is the message of this application. To simply 
provide a cookbook list of all of the ingredients and say here 
they are it is obvious to put them together is to minimize Dr. 
Wong's contribution with hindsight. 

The Advisory asserts that the applicant has provided 
not evidence of a long felt need that has been alleviated by the 
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claimed combination. It is submitted that such evidence is of 
record in the Borman C&EN article of December 7, 1992 that was 
made of record herein as Document A3 7 of the IDS. Here, four 
pages of a weekly chemical science news magazine were devoted 
almost exclusively to Dr. Wong and his cyclic reactions such as 
the present fucosylation and the ability that Cytel Corporation 
had through its licenses with Dr. Wong "to make sialyl Lewis x 
enzymatically on a large scale." (Page 27, left column, last 
lines.) It was noted on page 26, bottom left to middle column, 
that in 1991 the cost of xxx was $3 billion per kg that was 
reduced to $2 billion per kg in 1992. This invention thus did 
help to answer a long felt need and that evidence has been of 
record for some time. 

It is again submitted that these bases for rejection 
should be withdrawn. 

C . Summary 

Claims 21, 54 and 56 have been amended. Each of the 
bases for rejection has been dealt with and overcome or 
otherwise made moot. 

It is therefore believed that this application is in 
condition for allowance of all of the pending claims. An early 
notice to that effect is earnestly solicited. 

A Petition for an Extension of Time and its required 
fee are enclosed. No further fee or petition is believed to be 
necessary. However, should any further fee be needed, please 
charge our Deposit Account No. 23-0920, and deem this paper to 
be the required petition. 
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The Examiner is requested to phone the undersigned 



should any questions arise that can be dealt with over the phone 
to expedite this prosecution. 



WELSH & KATZ , LTD. 

120 South Riverside Plaza, 22nd Floor 
Chicago, Illinois 60606 
Phone (312) 655-1500 
Fax No. (312) 655-1501 



Enclosures 

Petition and fee 
Exhibits 1-7 
RCE and fee 
Fee Sheet 



I hereby certify that this Amendment and Reply, 



Exhibits, a One-Month Extension of Time and it fee, an RCE, Fee 
Sheet and Fee are being deposited with the United States Postal 
Service with sufficient postage as First Class Mail in an 
envelope addressed to: Mail Stop Amendments, Commissioner for 
Patents, P.O. Box 1450, Alexandria, VA 22313-1450, on February 
8, 2005. 



Respectfully submitted, 




Edward P. Gamson, Reg. No. 2 9,3 81 



CERTIFICATE OF MAILING 




Edward P. Gamson 
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Mechanisms of glycosylation and sulfation in the Golgi apparatus: 
Evidence for nucleotide sugar/nucleoside monophosphate and 
nucleotide sulfate/nucleoside monophosphate antiports in 
the Golgi apparatus membrane 

Juan M. Capasso* and Carlos B. Hirschberg 

E. A. Dotsy Department of Biochemistry. St. Louis University School of Medicine, St. Louis, MO 63104 



Communicated by Phillips W. Rob bins, July 25, 1994 

ABSTRACT The mechanism of translocation in vitro of 
sugar nucleotides and adenosine 3'-phosphate 5'-pbosphosul- 
fate (PAPS) into the lumen of rat liver Golgi apparatus vesicles 
has been studied. It has been previously shown that the Golgi 
apparatus membrane has specific carrier proteins for PAPS 
and sugar nucleotides. We now report that translocation of the 
above nucleotide derivatives across Golgi membranes occurs 
via a coupled equimolar exchange with the corresponding nu- 
cleoside monophosphates* An initial incubation of Golgi vesi- 
cles with GDP-fucose radiolabeled in the guanidine ring result- 
ed in accumulation within the rumen of radiolabeled GMP. 
Exit of GMP from these vesicles was specifically dependent on 
the entry of (additional) GDP-fucose into the vesicles (GDP- 
mannose and other sugar nucleotides had no effect). GDP-fu- 
cosc-stimiilatod exit of GMP was temperature dependent, was 
blocked by inhibitors of GDP-fucose transport, such as 4,4'- 
dibotMocyanostflbene-2 9 2'-disun^ add, and appeared to be 
equimolar with GDP-fucose entry. Prelbninary evidence for 
specific, equimolar exchange of CMPW-acetyineuramink add 
with CMP, PAPS with 3'-AMP, and UDP-galactose and UDP- 
iV-acetylgracosamine with UMP was also obtained. These re- 
sults strongly suggest the existence of different antiport pro- 
teins within the Golgi membrane that mediate the 1:1 ex- 
change of sugar nucleotides or PAPS with the corresponding 
nucleoside monophosphate. Such proteins may have a regula- 
tory role in glycosylation and sulfation reactions within the 
Golgi apparatus. 



Recent studies from this laboratory have shown that rat liver 
Golgj-derived vesicles can translocate in vitro CMP-N-acc- 
tylneuraminic acid (AcNeu), GDP-fucose. UDPW-acetyl- 
glucosamine (GlcNAc), and adenosine 3 '-phosphate 5'-phos- 
phosulfate (PAPS) from an external compartment into a lu- 
menal one (1-5). These reactions were found to be (0 satura- 
ble at high concentrations of sugar nucleotides and PAPS, 
(//) temperature dependent, (Hi) inhibited by treatment of the 
Golgi vesicles with proteases under conditions where lumen- 
al marker enzymes were not inhibited, and (iV) inhibited 
competitively by the corresponding nucleoside mono-, di-, 
and triphosphate (6). Since the above sugar nucleotides and 
PAPS did not inhibit translocation of each other, it was hy- 
pothesized that there were different translocator proteins in 
the membrane of the Golgi apparatus and that portions of 
these proteins face the cytoplasmic side of the Golgi appara- 
tus membranes. Evidence for translocation of UDP-galac- 
tose (Gal) into Golgi vesicles from mammary gland and rat 
liver (7, 8), CMP-AcNeu into rat liver Golgi (9) and hen ovi- 
duct microsomes (10) has also been obtained in other labora- 
tories. 

The aim of the present study was to understand the energy 
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mechanism by which the above sugar nucleotides and PAPS 
are translocated across the Golgi vesicle membranes. We 
now present evidence suggesting that such a mechanism in- 
volves exchange with the corresponding nucleoside mono- 
phosphate via an antiport protein. 

MATERIALS AND METHODS 

Radioactive Substrates. The following radioactive com- 
pounds were used: GDP-L-[l- M C]fucose (264 Ci/mol; 1 Ci = 
37 GBq), New England Nuclear; [guamdine-&- 3 H]GDP-fu- 
cose (667 Ci/mol) synthesized as described (1); [guanidine- 
8- 3 H]GMP (22 Ci/mmol) synthesized as described (1); [ade* 
/wie-8- 3 H]PAPS (870 Ci/mol) synthesized as described (4); 
[U- 14 C]CMP (375 Ci/mol), Amersham; [U- 14 C]UMP (484 
Ci/mol), Amersham: CMP-[ 14 C] AcNeu (1.6 Ci/mol), New 
England Nuclear; [ 3 *S]PAPS (1.3 Ci/mmol), New England 
Nuclear; 

Isolation, Integrity, and Topography of Golgi Vesicles. Gol- 
gi vesicles were isolated from rat liver according to the pro- 
cedure described by Leelavathi et al. (11). The vesicles were 
enriched, on average, ^40-fold in sialyltransferase activity 
(compared to crude homogenate) (1, 4). At least 90% were 
sealed and of the same topographical orientation as in vivo 
(12). 

Translocation Assay. The theoretical basis for the assays of 
translocation of the different nucleotide derivatives into Gol- 
gi vesicles has been described in detail (1, 2, 4). Briefly, it 
consists of (/) determining the total radioactive solutes asso- 
ciated with the Golgi pellet (5 J after incubation with radiola- 
beled substrates and centrifugation of the Golgi vesicles (see 
below), and (h) subtracting from this amount the total radio- 
active solutes trapped between the vesicles in the Golgi pel- 
let (S 0 ). This latter value is obtained by multiplying the vol- 
ume outside the vesicles in the Golgi pellet (V 0 ) by the con- 
centration of radioactive solutes in the incubation medium 
([5oJ). The volume outside (trapped) vesicles in the pellet 
was measured with a standard nonpenetrator such as 
[ 3 H]methoxyinulin. 

RESULTS 

In previous studies we had shown that sugar nucleotides and 
PAPS were translocated into Golgi vesicles in vitro (1, 5). 
This was done using sugar nucleotides and PAPS labeled 
with different radioisotopes in the nucleotide and sugar or 
sulfate. It was also shown that subsequent to translocation 
into the Golgi vesicle lumen, the sugars and sulfate were 
transferred to macromolecules facing the lumen of the vesi- 



Abbreviations: PAPS, adenosine 3 '-phosphate 5'-phosphosulfate; 
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cles, while nucleotides accumulated within the vesicles (rela- 
tive to their concentration in the incubation medium) (1, 5). 
That these nucleotides were also leaving the Golgi lumen 
was suggested from experiments in which translocation of 
PAPS radiolabeled in the nucleotide and sulfate was mea- 
sured (4). 

Entry of GDP-Fucose into Golgi Vestdes Appears to Be 
Concomitant with Exit of GMP. The above studies led us to 
design an experiment to determine whether translocation of 
sugar nucleotides into the lumen of Golgi vesicles was cou- 
pled with exit of nucleotides from the Golgi lumen. For this 
purpose, Golgi vesicles were incubated with GDP-fucose 
3 H-labeled in the guanidine ring; the total amount of radioac- 
tive solutes within the vesicles was determined after differ- 
ent incubation times. As can be seen in Fig. 1, there was a 
time-dependent accumulation of radiolabeled solutes within 
the Golgi vesicles that became constant after 10 min. No 
acid-insoluble radioactivity was detected (not shown). 

In parallel experiments, GDP-[ 14 C]fucose was added (for 
0.5-2 min) to Golgi vesicle suspensions that had been previ- 
ously incubated with [ 3 H]GDP-fucose (for 1, 5, and 10 min). 
Fig. 1 shows that addition of GDP-[ 14 C]fucose resulted in (i) 
a concomitant decrease of the tritiated solutes within the 
vesicles (shown below to be [ 3 H]GMP) and (ii) a parallel in- 
crease in 14 C-containing species within the vesicles. This lat- 
ter radioactivity was found to be, as previously determined, 
the sum of u C-containing solutes within vesicles and U C- 
containing radioactivity covalently bound to macromol- 




Fio. 1. Translocation of [ 3 H]GDP-fucose into Golgi vesicles and 
subsequent exchange of radiolabeled solutes from within the vesi- 
cles. Ultracentriftige tubes, each containing Golgi vesicles (0.4 mg of 
protein), were incubated for different times at 25°C with [guanidine- 
8- 3 H}GDP-L-fucose (0.27 pCi; final concentration, 0.4 /iM; arrow 1) 
in 1.0 ml of buffer containing 10 raM Tris-HCI/0.25 M sucrose/1 
mM MgCl2/10 mM NaF/0.5 01M 2,3-dimercaptopropanol, final pH 
7.5 (•). To samples that had been incubated for 1 (arrow 2) and 5 min 
(arrow 3), GDP-I l4 CJfucose (5 /d, 0.12 $tCi; 2 fM, final concentra- 
tion) was added and the incubation was continued for 0.5 and 1 min 
(o). To samples that had been incubated for 10 min (arrow 4) with 
lguanidin**-*K\GDP-fQGQse 9 GDP-[ l4 CJfucosc (5 /d; 0.12 *tCi; final 
concentration, 0.45 /iM was added and the mixture was incubated 
for 1 and 2 min (o). To another set of samples that had been incubat- 
ed for 10 min (arrow 4) with [ffifa/t/<///i*-8-'H]GDP-fucose, 
["S]PAPS (5 pi; 0.44 pCi; final concentration, 2 fM) was added and 
the mixture was incubated for 2 and 5 min (a). To another group of 
samples incubated with [£tfa/iM/!*-8- 3 HJGDP-fucose for 10 min (ar- 
row 4), GDP-[ M C]mannose (5 jil; 0.31 /iCi; final concentration, 1 
fM) was added for 5 min (□). All reactions were stopped by placing 
tubes in a mixture of ice containing NaCl. Samples were then centri- 

fcged, followed by determination of soluble ( ; 3 H species) and 

total (soluble and insoluble) ( ; 14 C or 35 S species) radioactivity 

within the Golgi pellet as described (1. 4). 



ecules facing the lumen of the vesicles (1). For example, 
when vesicles that had been incubated with [ 3 H]GDP-fucose 
for 10 min were then incubated with GDP-["C]fiicose for 2 
min, 50% of the [ l4 C]fucose within vesicles was acid-insolu- 
ble (not shown). 

The radioactive species within Golgi vesicles, after a 10- 
min incubation with [ 3 H]GDP-fucose were [ 3 H]GMP (65%- 
90%) and [ 3 H]guanosine (10%-35%). This result is in agree- 
ment with our previous studies (1). The soluble 14 C radioac- 
tive species within vesicles, after a 2-min incubation of the 
Golgi vesicle suspension described above with GDP-[ 14 C]fu- 
cose was mostly fucose, while the acid insoluble radioactiv- 
ity was in fucoproteins. This result is also in agreement with 
our previous observations (1). 

Exit of GMP from Golgi Vesicles Is Specifically Dependent 
on Entry of GDP-Fucose. Two types of experiment were 
done to determine that exit of GMP from Golgi vesicles was 
specifically dependent on entry ofGDP-fiicose into the vesi- 
cles: (0 Virtually no exit of 3 H-labeled solutes was observed 
from vesicles that had been incubated first with [ 3 H]GDP- 
fucose for 10 min and then with GDP-[ 14 C]mannose for 5 min 
(Fig. 1). We have obtained no evidence for entry of this latter 
sugar nucleotide into the Golgi lumen. These results strongly 
, suggest that exit of [ 3 H]GMP of the previous experiment was 
dependent on entry of GDP-fucose into the vesicles. (//) 
When [ 33 S]PAPS was added to vesicles that had been previ- 
ously incubated with [ 3 H]GDP-fucose (for 10 min) there was 
no exit of [ 3 H]GMP from the vesicles (Fig. 1); however, the 
vesicles accumulated both soluble and acid-insoluble radio- 
active sulfiir-containing species within their lumen (Fig. 1). 
We have recently shown that translocation of PAPS into 
Golgi vesicles is followed by transfer of sulfate into macro- 
molecules facing the lumen of the vesicles (4, 5). The above 
experiment, therefore, strongly suggests that after a 10-min 
incubation with [ 3 H]GDP-fucose, the Golgi vesicles continue 
to be active in their ability to translocate other nucleotide 
derivatives and that exit of [ 3 H]GMP was specifically depen- 
dent on entry of GDP-fucose. 

Additional evidence for the specificity of stimulation of 
exit of [ 3 H]GMP from Golgi vesicles is shown in Table 1. It 
can be seen that addition of 1-10 fM GDP-fucose to vesicles 
preloaded with [ 3 H]GDP-fucose resulted in exit of 68%-89% 
of f 3 H]GMP from the vesicles. Considerably less exit was 
observed with UDP-Gal and with UDP-GlcNAc, both sugar 
nucleotides that are known to enter Golgi vesicles (3). Table 



Table 1. Effect of sugar nucleotides, temperature, and inhibitors 
of anion transport on exit of pHjGMP from Golgi vesicles 
preincubated with [ 3 H]GDP-fiicose for 10 min 

Exit 



Incubation %PH]GMP 

remaining in 

Substrate Time, min vesicles 



GDP-fucose (1 fM) 10 32 

GDP-fucose (10 fiM) 10 11 

GDP-fiicose/DIDS (1 fiM) 10 68 

GDP-fucose (2 fM) 4°C 10 80 

UDP-GlcNAc (3 mM) 2 100 

5 100 

UDP-Gal (25 $M) 10 89 

paps a mm) 2 100 

5 100 



Experimental conditions were the same as those described in the 
legend of Fig. 1. DIDS (5 ptl; 100 /iM, final concentration) was added 
after the preincubation; after 5 min, 1 mM GDP-fucose was added to 
the suspension. For studies on temperature dependence, the re- 
action was cooled to 4°C after the preincubation and continued 
thereafter at that temperature. 
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1 also shows that exit of [ 3 H]GMP was dependent on tem- 
perature. Addition of 4,4'-diisotbiocyanostilbene-2,2'-disul- 
fonic acid (DIDS), a known inhibitor of GDP-fiicose translo- 
cation (5), to preloaded vesicles resulted in inhibition of 
GDP*fucose-stimulated exit of [ 3 H]GMP from the vesicles 
(Table 1). This experiment provides additional evidence that 
exit of GMP from the vesicles is dependent on entry of GDP- 
fucose. 

Stoichiometry Between Entry of GDP-Focose to and Exit of 
GMP from Golgi Vesicles. An important assumption has to be 
made to measure the stoichiometry of entry of GDP-fiicose 
into, and exit of GMP from, Golgi vesicles. The specific ra- 
dioactivity of each radioactive species within Golgi vesicles 
cannot be accurately determined, because the size of the en- 
dogenous nonradioactive pool of GMP within the vesicles is 
not known. We have therefore made the assumption, for 
subsequent calculations, that the specific radioactivity of 
GMP within vesicles, after a 10-min incubation of vesicles 
with [ 3 H]GDP-fucose f is the same as that of the radioactive 
sugar nucleotide at the beginning of the incubation. This ap- 
pears reasonable from the results seen in Fig. 1. These show 
that the amount of 3 H-Iabeled solutes within vesicles ap- 
peared to be constant after a 10-min incubation with 
[ 3 H]GDP-fucose; this suggests that equilibration between 
the external and internal pool of nucleotides has occurred at 
this time. 

Table 2 shows that there was apparent stoichiometric exit 
of [ 3 H]QMP from the vesicles relative to entry of GDP- 
["CJfucose after 1 and 2 min. We hypothesize that the ap- 
parent somewhat lower amount of GMP that had exited in 
comparison to the amount of GDP-fiicose that had entered is 
the result of assuming that the specific radioactivity of 
[ 3 H]GMP within vesicles is equal to that of the original 
[ 3 H]GDP-fucose of the incubation medium; the true former 
value is always less* with the highest value approaching that 
of the original [ 3 H]GDP-fucose, when both external and in- 
ternal pools are frilly equilibrated. This is almost achieved 
after a 10-min incubation with [ 3 H]GDP-fucose, (Fig. 1). 
This assumption predicts that at times prior to reaching equi- 
librium between the nucleotide pools, differences between 
exit and entry of nucleotides would be magnified if one used 
calculations of specific radioactivity values as those outlined 
above. That this is indeed the case can be seen when entry 
and exit of solutes are calculated after incubation of vesicles 
with [ 3 H]GDP-fucose for 1 min. As seen in Table 2, addition 
of GDP-[ 14 C]rucose for 1 min to such vesicles leads to an 
apparent larger entry of GDP-fucose than exit of GMP. After 
a 5-min incubation with [ 3 H]GDP-fucose, a time where the 
nucleotide pools are closer to reaching equilibrium (Fig. 1), 
the apparent difference between entry of sugar nucleotide 
and exit of GMP is similar to that observed at 10 min (Table 
2). 



Exit of GMP from Golgi Vesicles Preloaded with GMP Is 
Specific. The experiments described in the previous sections 
strongly suggest that entry of GDP-fucose into Golgi vesicles 
is coupled with a 1:1 stoichiometric exit of GMP from the 
vesicles. We had observed, in a preliminary experiment that 
Golgi vesicles transported GMP in vitro from an external 
compartment into a lumenal one. It was therefore of interest 
to determine whether one could measure GDP-fucose-de- 
pendent exit of GMP from Golgi vesicles that had been pre- 
loaded with GMP. For this, vesicles were incubated with 
[ 3 H]GMP for 20 min; at this time GDP-[ u C]fucose was add- 
ed to the vesicle suspension and the amount of 3 H-labeled 
solutes that remained in the vesicles and the amount of W C 
radioactive species accumulating within the vesicles was 
measured at different times (up to 10 min). Fig. 2 shows that 
upon addition of GDP-[ 14 C]fucose to the Golgi vesicle sus- 
pension there was (/) a rapid decrease of 3 H-labeled solutes 
from the vesicles and (u) a rapid increase of U C radioactive 
species within vesicles. Incubation of GDP-[ 14 C]fucose for 
0.5 min resulted in exit of 2.6 pmol of [ 3 H]GMP and entry of 
2.9 pmol of 14 C-containing radioactive species. This result 
suggests, similarly to those shown in Fig. 1 and Table 2, an 
equimolar exchange between GMP and GDP-fucose. Exami- 
nation of Fig. 2 for the stoichiometry of exchange at times 
longer than 0.5 min suggests that more sugar nucleotides en- 
ter vesicles than those that exit (Table 2). The reason for this 
discrepancy is more apparent than real, because at these 
longer incubation times with GDP-[ 14 C]fiicose, the initial as- 
sumption of the specific radioactivities of species within ves- 
icles being equal to the specific radioactivity of the nucleo- 
tide derivatives of the incubation medium is no longer valid 
because nonradioactive GMP, derived from entry of GDP* 
[ 14 C]fucose, causes a decrease in the specific radioactivity of 
the [ 3 H]GMP pool within the Golgi vesicles. 

Fig. 2 also shows that exit of GMP from Golgi vesicles was 
specific. Upon addition to the vesicles of CMP-AcNeu, no 
exit of radiolabeled GMP was detected, even though CMP- 
AcNeu is known to enter vesicles rather efficiently (1). 
Analyses by HPLC of the solutes within vesicles prelabeled 
with [ 3 H]GMP showed no exit of [ 3 H]guanosine 4fter ex- 
change with GDP-[ 14 C]fucose (not shown). 

It was also of interest to determine whether addition of 
GTP or GDP to vesicles first incubated with [ 3 H]GMP re- 
sulted in exit of this latter nucleotide from the vesicles. Table 
3 shows that both nucleotides stimulate exit of [ 3 H]GMP, 
although the effect was less than for the corresponding con- 
centration of GMP. This suggests that the nucleoside tri- and 
diphosphates were first converted to the monophosphates 
(presumably by Golgi surface phosphatases) prior to entry of 
the monophosphate into the vesicles; however, the possibili- 
ty that the transiocator selectivity may not be absolute can- 
not be ruled out. 



Table 2. Stoichiometry of entry and exit of guanidine nucleosides in Golgi vesicles 



Incubation 



Preincubation 








Exit of 5 H 


Entry of l4 C 






Time, 




Time, 


solutes. 


solutes, 


Entry/ 


Substrate 


min 


Substrate 


min 


pmol 


pmol 


exit 


[ 3 H]GDP-fucose 


1 


GDP-[ l4 C]fucose (2 pM) 


1 


4.8 


19.0 


4.0 




5 




1 


16.0 


19.1 


1.2 




10 


GDP-[ 14 CJfucose (0.45 M M) 


1 


8.2 


9.5 


1.2 




10 




2 


10.8 


13.3 


1.2 


[ 3 H]GMP 


20 


GDP-t l4 Clfucose (2 fiM) 


0.5 


2.6 


2.9 


1.1 




20 




1 


10.7 


25.4 


2.4 




20 




10 


14.9 


47.1 


3.2 



Golgi vesicles were first incubated with [ 3 H}GDP-fucose or [ 5 H]GMP as described in the experiments shown in Figs. 1 
and 2. At different times, GDP-[ 14 C]fucose was then added to the vesicle suspension for 0.5-10 min. Determination of 
amount of solutes entering and leaving the vesicles was done as described in the legend of Fig. 1. 
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Fig. 2. Translocation of [ 3 H]GMP into Golgi vesicles and subse- 
quent exchange of radioactive solutes from within the vesicles. Ul- 
tracentrifuge tubes, each containing Golgi vesicles as described in 
the legend of Fig. 1, were incubated for 20 min with [guanidine-Z- 
S HJGMP (0.3 /iCi; final concentration, 0.3 fM; arrow 1, •). At that 
time (arrow 2) GDP-[ I4 C]fiicose (5 /il; 0.13 /iCi; final concentration, 
2 fM) was added to a group of tubes and the incubations were con- 
tinued for 0.5, 1, 2, 4t 6, and 10 min (o). To another group of tubes 
that had been incubated for 20 min (arrow 2) with [guanidine-&-*H]- 
GMP, CMP-AcNeu (5 fjd; final concentration, 10 fM) was added 
and the mixtures were incubated for 10 min (□). Samples were then 
processed as described in the legend of Fig. 1 and Materials and 
Methods. 

Preliminary Evidence for Other Coupled Sugar Nucleotide/ 
Nucleoside Monophosphate and Nucleotide SiiHate/Nudeoside 
Monophosphate Exchange Reactions In the Golgi Apparatus 
Membrane. The above results strongly suggest that nucleo- 
tide sugars enter Golgi vesicles via a coupled equimolar ex- 
change with nucleoside monophosphates. Previous studies 
from our and other laboratories have shown that Golgi vesi- 
cles can also translocate CMP-AcNeu, PAPS, UDP- 
GlcNAc, and UDP-Gal. We therefore hypothesized that 
these four nucleotide derivatives enter Golgi vesicles via a 
coupled exchange with the corresponding nucleoside mono- 
phosphate. To obtain preliminary evidence for such a mech- 
anism, Golgi vesicles were first incubated for 20 min with 
t M C]CMP, [ 3 H]UDP-GlcNAc, or [ 3 H]PAPS. Table 3 shows 
that exit of the nucleoside monophosphates from the vesicles 
was specifically stimulated by the corresponding nucleotide 



sugar and nucleotide sulfate. Quantitation of solutes entering 
and leaving the vesicles showed these to be occurring in ra- 
tios of close to 1. We know that part of the deviation from 1 
is the result of assumptions on specific activity of solutes as 
previously discussed in detail for GDP-fucose/GMP ex- 
change. Exact quantification of the intralumenal pools of nu- 
cleotide derivatives cannot be made; it is also possible that 
the equilibration time for uridine and cytidine pools is some- 
what different from the guanidine pools. These results there- 
fore suggest, in a preliminary manner, that the mechanism of 
exchange described in detail for GDP-fucose does also occur 
for other nucleotide sugars and PAPS. 

Absence of Effect of Other Potential Perturbants on Trans- 
location of Sugar Nucleotides and PAPS into Golgi Vesicles. 
The following compounds, when added to the incubation 
medium, had no effect on translocation in vitro of CMP-Ac- 
Neu into Golgi vesicles: ATP (200 /iM), valmomycin (20 
/jg/ml), insulin (1 unit/ml), carbonyl cyanide p-trifluoro- 
methoxy phenylhydrazone (1-10 /iM), cytochalasin B (2 
pg/ml), nigericin (1-10 ug/ml), and monensin (1-20 /iM). 
These same compounds as well as phosphoefio/pyruvate 
(100 fM) and oligomycin (10 Mg/ml) had no effect on the 
translocation in vitro of PAPS. Together, these results there- 
fore support our hypothesis that translocation of sugar nu- 
cleotides and PAPS into Golgi vesicles occurs via an antiport 
mechanism with the corresponding nucleoside monophos- 
phates. 

DISCUSSION 

Evidence in vitro has been obtained showing that entry of 
GDP-fucose into the lumen of Golgi vesicles appears to be 
coupled with equimolar exit of GMP from the vesicles* lu- 
men (Fig. 1). This phenomenon appears to be temperature 
dependent (Table 1), inhibited by D1DS, an inhibitor of 
GDP-fucose translocation, and specific for the type of sugar 
nucleotide. Thus* GDP-mannose, which does not enter Golgi 
vesicles, cannot stimulate exit of GMP (Fig. 1). 

The Golgi vesicles used in this study have the same topo- 
graphical orientation as in vivo (12). This, together with the 
fact that GDP-fucose appears to be synthesized in the cyto- 
sol (13) and previous evidence suggesting translocation of 
intact GDP-fucose into such vesicles (1), leads us to hypoth- 
esize that this translocation assay in vitro is of significance in 
vivo (1). We now postulate that translocation of GDP-fucose 
in vivo occurs via an antiport system such as shown in Fig. 3. 



Table 3. Effect of nucleotide derivatives on exit of nucleoside monophosphates from Golgi vesicles preincubated with nucleoside 
monophosphates or sugar nucleotides 

Incubation 









Exit 








Preincubation (20 min) 




Time, 


% radioactive solutes 




Entry 


Entry/ 


Substrate 


Substrate 


min 


remaining in vesicles 


pmol 


pmol 


exit 


PHJGMP (0.4 fM) 


GTP (1 fM) 


1 


60 










GDP (1 fM) 




46 










GMP (1 fM) 




22 










GDP-{ 14 C]fucose (1 fM) 




29 


19.3 


22.9 


1.2 




GDP-mannose (1 fM) 




93 








[ I4 C]CMP (0.48>M) 


CMP-[ 3 H]AcNeu (1 fM) 




43 


70.7 


124.8 


1.8 




CMP (1 fM) 




33 










UDP-GIcNAc (1 mM) 




85 








[ 3 H]PAPS (0.5 fiM) 


[ 35 S]PAPS (1 /iM) 




59 


25.3 


29.2 


1.2 




GDP-fucose (1 fM) 




96 








l 3 H]UDP-GlcNAc (0.39 fM) 


UDP-[ 14 C]GlcNAc (2.1 >*M) 




46 


121.5 


248.7 


2.0 




[ I4 C]UMP (2 fiM) 




50 


109.3 


262.4 


2.4 



Golgi vesicles were first incubated for 20 min with { 3 HJGMP, [ 14 C]CMP, [*H]PAPS, and [ 3 H]UDP-GlcNAc. At that time, different radioactive 
and nonradioactive nucleotide derivatives were added to the vesicle suspension for 1-5 min. Determination of radioactive solutes entering and 
leaving the vesicle was done as described in the legend of Fig. 1. 
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Fig. 3. Proposed mechanism of translocation of sugar nucleo- 
tides and PAPS across Golgi vesicle membranes. GDP-fucose binds 
through the guanidine to a specific antiport protein with a domain on 
the cytosolic side of the Golgi membrane (I). The sugar nucleotide is 
then translocated intact across the Golgi membrane into the lumen. 
Inside the Golgi lumen, GDP-fucose is a substrate, together with 
endogenous glycoproteins and glycolipids (II) for fucosylation reac- 
tions catalyzed by fucosyltransferases (III). GDP can then react 
with NDPase (IV) to yield GMP, which then binds the antiport pro- 
tein through its lumenal domain. The nucleoside monophosphate 
can then exchange with cytosolic GDP-fucose in an equimolar stoi- 
chiometry. Similar specific antiport proteins are postulated to occur 
for PAPS, CMP-AcNeu, and UDP<ilcNAc (UDP-Gal). 

Several lines of evidence support the scheme shown in 
Fig. 3: GDP-fucose is synthesized in the cytosol (13) and is 
translocated intact across Golgi vesicles via a carrier protein 
(1) now postulated to be an antiport protein. The sugar nu- 
cleotide appears to bind to the antiport protein through the 
nucleotide moiety (6). Once inside the Golgi lumen, the sug- 
ar nucleotide serves as substrate, together with endogenous 
acceptors (glycoproteins and glycolipids), for fucosylation 
reactions catalyzed by fucosyltransferases. These enzymes 
are known to occur in the Golgi (14, 15) and evidence con- 
sistent with their lumenal orientation as well as that of fuco- 
sytated products has also been obtained (1). 

GDP is further degraded to GMP by nucleoside diphos- 
phatase. This enzyme, which appears to be the same as thia- 
mine pyrophosphatase (16), has been shown biochemically 
and cytochemJcally to have the active site toward the lumen 
of the Golgi (17-21). GMP has been detected in the lumen of 
Golgi vesicles (1, 22) and would then exit the vesicles via a 
coupled equimolar exchange with additional GDP-fucose. 

Preliminary evidence has also been obtained suggesting 
that other sugar nucleotides and PAPS enter Golgi vesicles 
via specific antiport s. It was shown that exit of radiolabeled 
nucleoside monophosphates (which had been allowed to en- 
ter vesicles during an initial incubation) could only occur if 
the corresponding nucleotide sugar entered the vesicles (Ta- 
ble 3). This coupled exchange also appeared to be equimolar, 
although more definitive studies on this have to be made. 
Coupled specific equimolar exchange was also observed 
with vesicles preloaded with UDP-GlcNAc or PAPS radiola- 



beled in the nucleotide. Previous studies from our and other 
laboratories (4, 8) strongly suggest that the radioactive spe- 
cies leaving the vesicles were UMP and 3'-AMP, respective- 
ly. 

Kuhn and White (7) and Brandan and Fleischer (8) had 
previously shown that UMP (derived from UDP-galactose) 
was exiting the lumen of Golgi vesicles from mammary gland 
and rat liver. This was postulated as a mechanism for de- 
creasing lumenal accumulation of UMP. Our results are in 
agreement with these observations and further suggest that 
both entry of sugar nucleotides and exit of nucleotide mono- 
phosphates are coupled in an equimolar stoichiometry. Iso- 
lation and characterization of these different antiport pro- 
teins should lead to a better understanding of their mecha- 
nism of action, including a possible role in regulation of 
glycosylation and sulfation reactions in the Golgi apparatus. 
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Drs. R. Cockrell and M. Snider for helpful discussions, and Ms. 
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CELL TYPE-SPECIFIC GLYCOSYLATION 
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Glycosyltransferases involved in the biosynthesis of glyco- 
protein and glycolipid sugar chains are resident membrane 
proteins of the endoplasmic reticulum and the Golgi appara- 
tus. Although the glycosylation pathways in which they par- 
ticipate have been extensively studied and reviewed (1-3), 
major questions remain concerning the molecular basis for 
the subcellular organization of the glycosylation machinery 
and how cells are able to regulate the expression of specific 
carbohydrate sequences. This latter subject is of current in- 
terest in view of increasing evidence that cell surface carbo- 
hydrate groups mediate a variety of cellular interactions dur- 
ing development, differentiation, and oncogenic transforma- 
tion (4-8). This review examines insights into these areas 
afforded by recent successes in the cloning and expression of 
several glycosyltransferases involved in the synthesis of ter- 
minal sequences of glycoproteins and glycolipids. 

Terminal Glycosyltransferases in the Synthesis of 
Glycoproteins and Glycolipids 

Glycosyltransferases transfer sugar residues from an acti- 
vated donor substrate, usually a nucleotide sugar, to a growing 
carbohydrate group. The specificity of the enzymes for their 
donor and acceptor substrates constitutes the primary basis 
for determining the structures of the sugar chains produced 
by a cell It is estimated that 100 or more glycosyltransferases 
are required for the synthesis of known carbohydrate struc- 
tures on glycoproteins and glycolipids, and most of these are 
involved in elaborating the highly diverse terminal sequences 
(2, 9). These enzymes are typically grouped into families based 
on the type of sugar they transfer (galactosyltransferases, 
sialyltransferases, etc.). 

Listed in Table I are six glycosyltransferases for which 
cDNAs have been obtained (10-18). 1,2 Each enzyme elaborates 
common terminal glycosylation sequences which have been 
reported to occur on N- and 0-1 inked sugar chains of glyco- 
proteins and on sugar chains of glycolipids (2, 4-8, 20). It is 
likely that common terminal sequences of glycoprotein and 
glycolipid sugar chains are synthesized by the same glycosyl- 
transferases. Indeed, each of the cloned glycosyltransferases 
represented in Table I has been purified to homogeneity from 
one or more mammalian sources (2, 9, 21-24), and several 
have been shown to utilize both glycolipids and glycoproteins 
as acceptor substrates in vitro, 

t Supported by United States Public Health Service Grant GM- 
11557. 

1 J. Lowe, L. Ernst, J. Kukowska-Lattallo, and R. Larson, personal 
communication. 

2 P. Yamamoto, J, Marken, T. Tsuji, T. White, H. Clausen, and S. 
Hakomori, J. Biol Chem., submitted for publication. 
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Domain Structure of Glycosyltransferases 

Glycosyltransferases Share a Common Domain Structure — 
Comparison of the deduced amino acid sequences of the cDNA 
clones encoding the glycosyltransferases listed in Table I (10- 
18) u reveals that these enzymes have virtually no sequence 
homology. However, as depicted in Fig. 1, they all have a 
short NHs-terminal cytoplasmic tail, a 16-20-amino acid sig- 
nal-anchor domain, and an extended stem region which is 
followed by the large COOH-terminal catalytic domain (26). 
Signal-anchor domains (25) act as both uncleavable signal 
peptides and as membrane-spanning regions and orient the 
catalytic domains of these glycosyltransferases within the 
lumen of the Golgi apparatus, as illustrated in Fig. 2. 

Relationship between the Stem Region and Occurrence of 
Soluble Glycosyltransferases — The stem region depicted in Fig. 
2 should serve as a flexible tether, allowing the catalytic 
domain to glycosylate carbohydrate groups of membrane- 
bound and soluble proteins of the secretory pathway enroute 
through the Golgi apparatus. Direct evidence for a "stem" or 
spacer region has been obtained for the Gal a2,6-ST and the 
GlcNAc 01,4-GT 3 (13, 18). Results from NH 2 -terminal se- 
quence analysis of soluble forms of these enzymes suggest a 
luminal stem region of at least 35 and 62 residues for the two 
enzymes, respectively, which separates the catalytic domain 
from the transmembrane domain and is exposed to proteases. 

Soluble forms of glycosyltransferases have been demon- 
strated and purified from milk, serum, and other body fluids 
(2, 9), and increased serum levels have been noted in disease 
states (28) and inflammation (29). The origin of these en- 
zymes has long been thought to result from proteolytic release 
from the membrane-bound forms of the enzymes (reviewed in 
Refs. 2, 9, 26, 27). Recently results of Jamieson and colleagues 
suggest that the Gal a2,6-ST is released from rat liver Golgi 
membranes in response to induced inflammation as a result 
of cleavage by a cathepsin D-like protease within the acidic 
trans Golgi compartment (29). These observations suggest 
that soluble glycosyltransferases could result from the release 
of membrane-bound enzymes by endogenous proteases, pre- 
sumably by cleavage between the catalytic domain and the 
transmembrane domain (26, 29). 

Lack of Sequence Homology within Glycosyltransferase Fam- 
ilies — Common amino acid sequences would be expected 
within families of glycosyltransferases which share similar 
acceptor or donor substrates; however, surprisingly few re- 
gions of homology have been found within the catalytic do- 
mains of glycosyltransferases, and no significant sequence 
homology is found with any other protein in GenBank (10- 
18). u This is especially surprising for the Gal al,3-GT and 
GlcNAc 01,4-GT, two galactosyltransferases. However, while 
these galactosyltransferases exhibit no overall homology, Jo- 



3 The abbreviations used are: GlcNAc 01,4-GT, 0-iV-acetylgluco- 
saminide 01,4-galactosyltrarurferase; GlcNAc al,3/4-FT, iV-acetylglu- 
cosaminide al,3/4-fucosyltransferase; Gal al,3-GT t 0-galactoside 
al,3-galactosyftransferase; Gal a2,6-ST, Gal01,4GlcNAc a2,6-sialyl- 
transferase; Gal «1,2-FT, 0-gaIactoside a 1,2-rucosyltransferase; Gal 
al^-GalNAcT^^FVical^JGalal^-N-acetylgalactosajninyltransfer- 
ase; SSEA, stage-specific embryonic antigen; ER, endoplasmic retic- 
ulum; TP A, tetradecanoylphorbol acetate; Gtw, NeuAc«2,8NeuAca- 
2,3Gal0MGlc-ceraroide; sialoparagloboside, NeuAc«2,3GaVtt,4-Glc- 
NAc01,3Gal01,4Glc-ceramide; Gm* NeuAca2,3Gal01,4Glc-ceraroide. 
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Table I 

Cloned glycosyltransferases involved in the synthesis of terminal 
sequences in sugar chains of glycoproteins and glycolipids 

Abbreviated names combine the acceptor sugar, the linkage formed, 
and the glycosyltransferase family (GT, galactosyltransferase; ST, 
sialyltransferase; FT, fucosyltransferase; GalNAcT, N-acetylgalac- 
tosaminyltransferase). For the sequence formed, the sugar transferred 
is highlighted in boldface, and the acceptor sequence is shown in 
lightface. R represents the remainder of the glycoprotein or glycolipid 
sugar chain. 



GlcNAc SM-GT murine 
human 
bovine 



Galai>GT bovine 



23-24 20 357-358 



Gala2,6-ST 



=Sfc 



GLYCOSYL- 
TRANSFERASE 



DONOR 
SUBSTRATE 



SEQUENCE FORMED 



Galactosyltransferase* 

GlcNAc6l.4-GTO°-l5> UDP-Gal 
(E.C 2.4.1.38) 

Gal al ,3-GT ( 16 * 17 > UDP-Gal 
(EC 14.1.151) 

Sialyltransferase 

GaloOl-STf 1 *)- 
(EC. 14.99.1) 

Fucosyltransferases 



GalfM ,4GlcN Ac-R 
Galal3Gal(3l ,4GlcN Ac-R 



CMP-NeuAc NeuAca2^Gal01.4GlcNAc-R 



GlcNAc al,3-FT l 
(EC 14.1.65) 



GaloU2-FT> 
(EC 14.1.69) 



N-Acetylgalactosaminyl- 
transferase 

Gal ctl ,3-GalNAcT 2 
(Blood group A 
transferase) 



GDP-Fuc 



GDP-Fuc 



UDP-GalNAc 



FutaU 
Galpl 
Futal,4, 
Gaipi 



'^lcNAc-R 
J&JcNAc-R 



Fucal^Gai&l v4GlcN Ac-R 
FucaJ^Gal^l 3GalNAc-R 



GalNAcaU. 



'Gal-R 



Fucal.2 



ziasse et al (16) have pointed out a common hexapeptide 
KDKKND for the Gal al,3-GT (bovine, 304-309 (16); and 
RDKKNE for the GlcNAc 01,4-GT (bovine, human, murine 
amino acids 346-351 (10-15)). Although the significance of 
this homology is unknown, a possible role in UDP-Gal binding 
has been suggested (16). 

More extensive amino acid sequence homologies may be 
found for some enzymes that are yet to be cloned. For example, 
both blood group A Gal al,3-GalNAc transferase and blood 
group B Gal al,3-GT share the same acceptor substrate, Fuc 
al,2~Gal-R, and have been shown to have similar amino acid 
compositions, cross-react with one another's antibodies, and 
share the same genetic locus (reviewed in Refs. 2 and 24), 
suggesting that they have similar nucleotide and amino acid 
sequences with subtle alterations to accommodate their dif- 
ferent donor substrates. 2 

Species Variations in Glycosyltransferase Sequence— The 
overall amino acid sequence homology for a glycosyltransfer- 
ase cloned from different species is quite high (80% or 
greater), with the least homology found in the stem regions 
(10-18). 2 The bovine (16) and murine (17) Gal al,3-GTs differ 
in the predicted lengths of their cytoplasmic tails with the 
murine enzyme containing an extra 35 amino acids at the 
NH 2 terminus. However, inspection of the sequence surround- 
ing the ATG start site of the murine Gal al t 3-GT suggests a 
weak translation start site (TTCATGA (30)), allowing the 
possibility that the internal ATG may be used, resulting in 
the same length NH 2 -terminal cytoplasmic tails for both 
species. Two mRNAs that differ in length by 200 base pairs 



GlcNAc alJ-FT human 
GalaU-FT 



Calal3-GalNAcT 



-jir 



Fig. 1. Amino acid sequences of cloned terminal glycosyl- 
transferases predict NH»-terminal signal-anchor domains. 
Compared are the predicted domain structures of six glycosyltrans- 
ferases listed in Table I. The number of amino acids in each domain 
is listed beneath it. SB, cytoplasmic domain; ■> signal-anchor domain; 

luminal domain. 



Catalytic 
Domain 




Cytoplasmic 
Tall 



NH2 



Fig. 2. Common topology of cloned terminal glycosyltrans- 
ferases. Deduced amino acid sequences of the terminal glycosyltrans- 
ferases cloned to date predict that these enzymes have a characteristic 
topology in the Golgi apparatus consisting of a short NH 3 -terminal 
cytoplasmic tail, a signal-anchor domain which spans the membrane, 
an extended stem region, and a large COOH-terminal catalytic do- 
main oriented within the lumen of the Golgi cisternae. 

at the 5' end have also been reported for the murine GlcNAc 
01,4-GT which code for enzymes that differ only by 13 amino 
acids at the NH 2 terminus (10). 

Subcellular Localization of Glycosyltransferases 

The subcellular localization of the enzymes involved in N- 
and O-linked glycosylation has been extensively studied, with 
terminal glycosyltransferases being found in the Golgi appa- 
ratus (1, 31-33). Subcompartmentation within the Golgi ap- 
paratus is also well documented, with JV-acetylglucosaroinyl- 
transferase I localized to the medial cisternae and the GlcNAc 
01,4-GT, Gal a2, 6-ST, and the Gal al,3-GalNAcT localized 
to the trans cisternae and trans Golgi network (33-36). How- 
ever, recent studies of the localization of Gal a2,6-ST and the 
Gal al,3-GalNAcT and the localization of various sialyigly- 
coproteins have suggested that terminal glycosyltransferases 
may have diffuse distributions throughout the Golgi stack in 
some cells (33, 37-39). 
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Although the basis for the localization of glycosyltransfer- 
ases in the Golgi apparatus has not been elucidated, it is 
widely believed that membrane proteins of the Golgi appara- 
tus possess specific retention signals that are absent in plasma 
membrane proteins and proteins that are secreted from the 
cell (reviewed in Ref. 40). The demonstration of a KDEL 
sequence that mediates the retention and return of soluble 
ER proteins provides ample precedence for this concept (41). 
Evidence cited above for secretion of soluble glycosyltransfer- 
ases following proteolytic release from the NH 2 -terminal sig- 
nal-anchor implies that the retention signal is not associated 
with the catalytic domain. Colley et al (42) have tested this 
hypothesis by replacing the first 57 amino acids of the Gal 
a2,6-ST, including the cytoplasmic tail, signal-anchor, and 
stem regions, with the cleavable signal peptide of 7-interferon. 
This fusion protein when expressed in Chinese hamster ovary 
cells results in the secretion of a catalytically active, soluble 
enzyme. A similar result was obtained by Larsen et al. (17) 
when they expressed in Cos-1 cells a fusion protein containing 
a secretable form of protein A fused to the putative stem and 
catalytic domains of the Gal al,3-GT (amino acids 63-394) 
and found galactosyltransferase activity secreted into the cell 
media. These data demonstrate that the Golgi apparatus 
retention signal of these glycosyltransferases must reside in 
the NH 2 -terminal portion of the enzymes, which includes the 
cytoplasmic tail, signal-anchor, and stem regions. 

Regulation of Terminal Glycosylation 

Differential Expression of Glycosyltransferases— There is 
abundant evidence that terminal glycosylation sequences are 
differentially expressed in cells and are subject to change 
during development, differentiation, and oncogenic transfor- 
mation (reviewed in Refs. 4, 5, and 7). The concept that the 
cellular glycosylation machinery largely determines the struc- 
tures of glycoprotein sugar chains stems from observed differ- 
ences in the carbohydrate structures elaborated on viral gly- 
coproteins and recombinant glycoproteins produced in various 
cultured cell lines (43, 44) and from the sugar structures of 
glycoproteins naturally expressed in different tissues (re- 
viewed in Ref. 5). Although protein structure places secondary 
constraints of accessibility on the glycosylation machinery (1) 
and in the extreme provides recognition determinants for 
glycosyltransferases that act on sugar chains of one protein 
or class of proteins (1, 45-47), the terminal glycosylation 
sequences produced by a cell are presumed to reflect the 
expression of the corresponding glycosyltransferases which 
synthesize them. 

Strong support for this idea comes from recent examples of 
altering the cellular glycosylation machinery by transaction 
of cells with DNA fragments or expression vectors containing 
cDNAs coding for glycosyltransferases which synthesize ter- 
minal glycosylation sequences (17, 37, 46-50). For example, 
although wild type Chinese hamster ovary cells produce N- 
linked carbohydrate groups with the NeuAca2,3Gal linkage, 
Lee et al (37) demonstrated that stably transfected Chinese 
hamster ovary cells expressing the Gal a2,6-ST (Table I) 
produce both the NeuAca2,6Gal and NeuAca2,3Gal linkages. 
Similarly, Larsen et al (17) showed that Cos-1 cells trans- 
fected with the cDNA for the Gal al,3-GT (Table I) produce 
the Galal,3Gal-R sequence on cell surface carbohydrate 
groups, a structure not expressed on wild type cells. Lowe and 
co-workers (17, 49, 50) 1 have exploited such observations in 
developing strategies for the functional cloning of glycosyl- 
transferases, successfully cloning three of the six glycosyl- 
transferases listed in Table I. 

Glycosyltransferase expression is most likely regulated at 



the level of transcription. In support of this suggestion, the 
level of Gal a2,6-ST mRNA varies 50-100-fold in various rat 
tissues, correlating with the activity of the enzyme (51). The 
level of the Gal <x2,6-ST has also been demonstrated to 
increase 4-5 -fold in the liver after induction of inflammation, 
presumably to provide for the increased production of liver 
glycoproteins such as a\ acid glycoprotein and a% antitrypsin 
during the acute phase response (28, 29). Wang et al (53) 
have recently demonstrated an equivalent induction of sialyl- 
transferase and sialyltransferase mRNA in primary hepato- 
cyte cultures treated with dexamethasone, suggesting that the 
increased expression following inflammation is controlled by 
plasma levels of glucocorticoids (53, 54). In contrast to the 
sialyltransferase, the ubiquitous GlcNAc 01,4-GT is expressed 
rather uniformly in most murine tissues. However, during 
spermatogenesis, novel mRNA species are produced which 
exhibit developmental regulation (52). 

Several reports have demonstrated that the changes in 
glycolipid or glycoprotein glycosylation in transformed cells 
correspond to quantitative or qualitative changes in the 
expression of the relevant glycosyltransferases (55-58). The 
de novo expression of a terminal glycosylation sequence is 
especially interesting with respect to the regulation of glyco- 
sylation, because it implies the expression of a glycosyltrans- 
ferase not expressed in the normal tissue. 

Exposure of cells to differentiation agents such as butyrate 
(19), phorboi esters (59), or retinoic acid (60-62) has also 
been reported to produce qualitative changes in levels of cell 
surface terminal glycosylation sequences as well as the specific 
glycosyltransferases that produce them. Such results are par- 
ticularly intriguing in view of evidence that terminal glyco- 
sylation sequences may play an important role in differentia- 
tion pathways, as will be discussed further below. 

Biological Implications of Regulated Expression of Terminal 
Glycosylation Sequences— All the observations cited above 
suggest that cell type-specific glycosylation sequences can 
result from regulated expression of glycosyltransferase genes. 
While not all glycoprotein or glycolipid carbohydrate struc- 
tures produced by a cell have functional significance (6), it is 
increasingly apparent that specific sequences in the proper 
context play important roles in biological recognition. 

Developmentally regulated expression of specific glycosyl- 
ation sequences has been implicated in a variety of cell-cell 
interactions. Polysialic acid addition onto the neural cell 
adhesion molecule occurs only in early development and is 
thought to regulate the adhesive properties of the homotypic 
neural cell adhesion molecule interactions (47). The embry- 
onic antigen SSEA-1, the product of the GlcNAc al,3/4-FT 
(Table I), is expressed at the 16 cell stage of mouse embryo, 
coincident with the process of compaction (4). Because ana- 
logs of the SSEA-1 structure can inhibit compaction, its 
expression has been suggested to mediate the compaction 
process (63, 64) and to occur directly through a carbohydrate- 
carbohydrate interaction rather than a carbohydrate-protein 
interaction (65). Developmentally regulated glycosylation 
events have also been implicated in the induction of ureter 
bud growth into the undifferentiated mesenchyme of the 
embryonic kidney (66) and in the maturation of thymocytes 
(67). 

Specific gangliosides (sialic acid-containing glycosphingo- 
lipids) have been implicated in cell differentiation and cell 
cycle control (59, 68-73). Retinoic acid-induced differentia- 
tion of the hematopoetic precursor cell line HL-60 to granu- 
locytes and TPA-induced differentiation of the same cells to 
monocytes have been associated with qualitative changes in 
the expression of sialic acid-containing glycolipids (59, 69, 
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70). Indeed, TPA- induced monocyte differentiation increased 
synthesis of ganglioside G M 3 and the sialyltransferase, G M a 
synthetase (59). A direct role of ganglioside Gms is suggested 
by the fact that differentiation to monocytes can be induced 
without TPA by adding exogenous G M a to the culture media 
(69). Although the mechanism by which gangliosides might 
participate in differentiation pathways is not clear at present, 
specific gangliosides have been implicated in the modulation 
of growth factor receptor protein kinase activities (72, 73) and 
in the control of the cell cycle (71). 

Glycoprotein and glycolipid sugar chains have been impli- 
cated in many other examples of protein targeting and cell- 
cell interactions too numerous to mention here (4-6, 8, 45, 
46, 74, 75). Such observations mark the elucidation of the 
biological roles of glycoprotein and glycolipid sugar chains as 
an emerging fronteir. In the future, understanding the regu- 
lation of the cellular glycosylation machinery, which produces 
the specific sugar sequences required for recognition events, 
will take on increasing importance. 

Summary and Future Prospects 

It is striking that the glycosyltransferases cloned to date 
have similar domain structure but little sequence homology. 
As additional glycosyltransferase cDNAs are cloned and se- 
quenced, it will be of interest to establish the degree to which 
this diverse group of enzymes might have evolved from com- 
mon ancestral genes. The availability of a variety of glycosyl- 
transferase cDNAs should allow production of these enzymes 
through standard expression technology, allowing their use as 
enzymatic reagents in glycoconjugate research and in the large 
scale synthesis of oligosaccharides (76). Through gene trans- 
fer technologies, glycosyltransferase cDNAs can also be ex- 
pected to be used in various strategies to explore the biological 
roles of glycoprotein and glycolipid sugar chains (17, 37). 
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ABSTRACT We have previously used a gene-transfer 
scheme to isolate a human genomic DNA fragment that deter- 
mines expression of a GDP-L-fucose:0-r>galactoside 2-a-L- 
fucosyltransferase [«(1,2)FT; EC 2.4.1.69]. Although this 
fragment determined expression of an a(l,2)FT whose kinetic 
properties mirror those of the human H blood group o(l,2)FT, 
their precise nature remained undefined. We describe here the 
molecular cloning, sequence, and expression of a human cDNA 
corresponding to these human genomic sequences. When ex- 
pressed in COS-1 cells, this cDNA directs expression of cell 
surface H structures and a cognate o(l,2)FT activity with 
properties analogous to the human H blood group a(l,2)FT. 
The cDNA sequence predicts a 365-amino add polypeptide 
characteristic of a type n transmembrane glycoprotein with a 
domain structure analogous to that of other glycosyltrans- 
ferases but without significant primary sequence similarity to 
these or other known proteins. To directly demonstrate that the 
cDNA encodes an a(l,2)FT, the COOH-terminal domain pre- 
dicted to be Golgl-resident was expressed in COS-1 cells as a 
catalytically active, secreted, and soluble protein A fusion 
peptide. Southern blot analysis showed that this cDNA iden- 
tifies DNA sequences syntenlc to the human H locus on 
chromosome 19. These results strongly suggest that this cloned 
a(l,2)FT cDNA represents the product of the human H blood 
group locus* 



The antigens of the human ABO blood group system are 
carbohydrate molecules constructed by the sequential action 
of a series of distinct glycosyltransferases (1, 2). The terminal 
step in this pathway, catalyzed by the allelic glycosyltrans- 
ferase products of the ABO locus, requires the expression of 
a precursor molecule called the H antigen. The blood group 
H antigen is an oligosaccharide molecule whose expression is 
normally restricted to the surfaces of human erythrocytes and 
a variety of epithelial cells, including those that line the 
gastrointestinal, urinary, and respiratory tracts (1, 3). The H 
antigen is a fucosylated structure of the form Fucal-2GaJ0-, 
whose expression is determined by GDP-L-fucose:0-r>galac- 
toside 2-a-L-fucosyItransferases [a(l,2)FTs; EC 2.4.1.69]. 
These enzymes catalyze a transglycosylation reaction be- 
tween their sugar nucleotide substrate GDP-L-fticose and 
oligosaccharide acceptor substrates with terminal type I 
(Gal01-3GlcNAc-) or type II (Gal01-4GlcNAc-) moieties (1). 

Surface-expressed H determinants exhibit precise tempo- 
ral and spatial changes in their expression patterns during 
human and murine development (4, 5). The functional sig- 
nificance of these changes is as yet unknown, although 
evidence suggests that other fucosylated molecules partici- 
pate in adhesive events during development (6-8). Cloned 
gene segments that determine H antigen expression represent 
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tools to address this question by genetic approaches that 
perturb H antigen expression during development. We, 
therefore, established a gene-transfer approach to isolate 
human DNA segments that determine expression of cell 
surface H molecules and their corresponding a(l,2)FTs (9, 
10). These experiments yielded a cloned human DNA seg- 
ment that determines expression of an a(l,2)FT activity when 
transfected into a mammalian cell line deficient in this 
enzyme activity. This enzyme activity was kinetically similar 
to the human H blood group a(l,2)FT but distinct from the 
human secretor (SE) a(l,2)FT. Although these data were 
consistent with the hypothesis that this segment represented 
part or all of the structural gene encoding the H a(l,2)FT, 
they were consistent also with the possibility that the DNA 
sequences trans-determined enzyme expression by interac- 
tion with an endogenous gene, transcript, or protein. We 
report here our analysis of a cloned cDNA representing the 
product of this human genomic DNA segment. § These data 
indicate that this segment encodes the human H blood group 
aU,2)FT. 

MATERIALS AND METHODS 

Cell Lines and DNA Samples. DNA from the cell line 
UV5HL9-5 (11) and from the Chinese hamster ovary hybrid 
parent were provided by H. Mohrenweiser and K. Tynan 
(Lawrence Livermore National Laboratory, Livermore, 
CA). The origins of all other cell lines and conditions for cell 
culture are as described (9, 10, 12, 13). Genomic DNA 
samples from a panel of Chinese hamster ovary x human 
somatic cell hybrids informative for human chromosomes 
were purchased from BIOS (New Haven, CT). 

Isolation of Human <r(l,2)FT cDNA Clones. Approximately 
1.8 x 10 6 recombinant clones from an A431 cell cDNA 
mammalian expression library (13) were screened by colony 
hybridization using a 32 P-labeled (14) 1.2-kilobase (kb) Hind 
fragment of pH3.4 (10) as a probe. Filters were hybridized for 
18 hr at 42°C in a hybridization solution as described (9, 10), 
washed, and subjected to autoradiography. Two hybridiza- 
tion-positive colonies were obtained and isolated by two 
additional rounds of hybridization and colony purification. 
Preliminary sequence analysis of the inserts in both hybrid- 
ization-positive cDNA clones indicated that they each were 
in the anti-sense orientation with respect to the pCDM7 
expression vector (15, 16) promoter sequences. The largest 
insert was, therefore, recloned into pCDM7 in the sense 
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orientation for expression studies, and the resulting plasmid 
was designated pCDM7-a(l,2)FT. 

Flow Cytometry Analysis* COS-1 cells were transfected 
with plasmid DN As by using a DEAE-dextran procedure (17) 
as described (16). Transfected cells were harvested after a 
72-hr expression period and stained either with a mouse IgM 
anti-H monoclonal antibody (10 /Jig/ ml; Chembiqmed, Ed- 
monton, AB, Canada) or with a mouse IgM anti-Lewis 8 
monoclonal antibody (10 pg/ml; Chembiomed). Cells were 
then stained with fluorescein-conjugated goat anti-mouse 
IgM antibody (40 Aig/ml; Sigma) and subjected to analysis by 
flow cytometry (9, 13, 16). 

Northern and Southern Blot Analysis. A431 poly(A) + RNA 
(10 /ig per lane) was subjected to Northern blot analysis as 
described (16). Genomic DNA (10 /ig per lane) was subjected 
to Southern blot analysis as described (9). Blots were probed 
with a 32 P-labeled (14) 1.2-kb Hinfl fragment of pH3.4. 

DNA Sequence Analysis. The insert in pCPM7-a(l,2)FT 
was sequenced by the method of Sanger et al. (18) using T7 
DNA polymerase (Pharmacia) and 20-mer oligonucleotide 
primers synthesized according to the sequence of the cDN A 
insert. Sequence analyses and data base searches were 
performed using the Microgenie package (Beckman) and the 
Sequence Analysis software package of the University of 
Wisconsin Genetics Computer Group (19). 

Assay of <*(1,2)FT Activity. Cell extracts, conditioned me- 
dium from transfected COS-1 cells, and IgG-Sepharose- 
bound enzyme were prepared and assayed for a(l,2)FT 
activity by methods described (10, 13). One unit of a(l,2)FT 
activity is defined as 1 pmol of product formed per hr. The 
apparent Michaelis constant for the acceptor phenyl 0-b- 
galactoside (20) was determined exactly as described (10). 

Construction and Analysis of a Protein A-od,2)FT Fusion 
Vector. A 3196-base-pair Stu l-Xho I segment of the cDNA 
insert representing the putative catalytic domain and 3'-un- 
translated sequences was isolated from pCDM7-a(l,2)FT. 
This fragment was blunt-ended using the Klenow fragment of 
DNA polymerase I and ligated to phosphorylated (17) and 
annealed oligonucleotides (CGGAATTCCCCACATGGCC- 
TAGG and CCTAGGCCATGTGGGGAATTCCG) designed 
to reconstruct the coding sequence between the putative 
transmembrane segment proximal to the Stu I site. The ligated 
fragment was gel-purified, digested with EcoRl, and gel- 
purified again. This EcoRI-"linkered" fragment was ligated 
into the unique EcoRl site of pPROTA (21). One plasmid, 
designated pPROTA-a(l,2)FT c , containing a single insert in 
the correct orientation, was analyzed by DNA sequencing to 
confirm the sequence across the vector, linker, and insert 
junctions. Plasmids pPROTA-a(l,2)FT c , pPROTA, pCDM7 : 
a(l,2)FT, or pCDM7 were transfected into COS-1 cells. After 
a 72-hr expression period, a(l,2)FT activities in the medium 
and associated with cells were quantitated as described (10, 13, 
16). Affinity chromatography of conditioned medium was 
performed exactly as described (13, 16). 

RESULTS 

We have isolated (9, 10) a cloned human genomic DNA 
restriction fragment whose presence correlates with de novo 
expression of an a(l,2)FT in a set of stably transfected mouse 
L cells. This fragment determines a(l,2)FT expression in 
COS-1 cells transfected with a plasmid vector containing 
these sequences (plasmid pH3.4, ref. 10). The results of these 
analyses are consistent with the hypothesis that this segment 
represents a structural gene that encodes the H blood group 
a(l,2)FT. Nonetheless, these observations are also consis- 
tent with the possibility that this segment trans-determines 
enzyme expression by interaction with an endogenous gene, 
transcript, or protein. To discriminate between these possi- 
bilities and to characterize the nature of the genomic se- 



7.4 -||ggj 

f^H Fio. 1. Northern blot analysis. 

28-hH PoI y< A ) + KSA < 10 MS) isolated from 

jg gSHI A431 cells was subjected to Northern 

4 ft jjBHB blot analysts. The blot was probed with 

~ W&m "P-labeled 1.2-kb Hinfl fragment of 

1 * 6 ~nTmW P H3 * 4 ( 10 )< The mobilities of RNA mo- 
iecular size standards, in kb, are indi- 

afflMH catedatleft. 

quences, we first isolated various restriction fragments from 
the insert in plasmid pH3.4 and tested these for their ability 
to identify transcripts in the H-expressing stable transfec- 
tants and in a human cell line (A431) that also expresses H 
determinants and a cognate a(l,2)FT (9, 10). We found that 
a 1.2-kb Hinfl restriction fragment identifies a single rela- 
tively nonabundant 3.6-kb transcript in A431 cells (Fig. 1). 
This probe also detects transcripts in the H-expressing mouse 
L cell transfectants but not in the nontransfected parental L 
cells (R.D.L. and J.B.L., unpublished data). 

A Cloned cDNA That Directs Expression of Cell Surface H 
Structures and an o(l,2)FT. We used the 1.2-kb Hinfl frag- 
ment and colony hybridization to isolate two hybridization- 
positive cDN A clones from an A431 cell cDNA library (13). 
To test the cloned cDNAs for their ability to determine 
expression of surface-localized H antigen and a cognate 
a(l,2)FT activity, a plasmid was constructed [pCDM7- 
a(l f 2)FT| that consisted of the largest cDNA insert cloned 
into the mammalian expression vector pCDM7 (15, 16) in the 
sense orientation with respect to the vector enhancer- 
promoter sequences. Flow cytometry analysis of COS-1 cells 
transfected with pCDM7-a(l,2)FT indicates that this cDNA 
determines expression of cell surface H molecules (Fig. 2). 
Moreover, COS-1 cells transfected with pCDM7-a(l,2)FT, 
but not cells transfected with pCDM7, express substantial 
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Fig. 2. Flow cytometry analysis of transfected COS-1 cells. 
COS-1 cells were transfected with plasmid pCDM7-a(l,2)FT (Upper) 
or with the control vector plasmid pCDM7 (Lower) and then stained 
with murine monoclonal IgM antibodies specific for the H antigen 
(solid lines) or for a negative control antigen (Lewis*, dotted lines). 
The cells were then stained with a fluorescein-conjugated goat 
anti-mouse IgM antibody and subjected to flow cytometry analysis. 
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quantities of an cr(l,2)FT activity. We determined the appar- 
ent Michaelis constant exhibited by this a(l,2)FT for an 
artificial acceptor, phenyl 0-D-galactoside, that is specific for 
this enzyme (20) and that can discriminate between the 
human H and SE o(l,2)FTs (10, 22). This apparent K m (2.4 
mM) is nearly identical to the apparent K m we (3.1 mM, ref. 
10) and others (4.6 mM and 6.4 mM, ref. 22; 1.4 mM, ref. 23) 
have determined for the blood group H a(l,2)FT. Moreover, 
this apparent K m is also very similar to the one exhibited by 
the a(l,2)FT in extracts prepared from COS-1 cells trans- 
fected with pH3.4 (4.4 mM, ref. 10). This apparent K m is 
distinct from the one exhibited by an a(l,2)FT found in 
human milk (15.1 mM, ref. 10) that is thought to represent the 
a(l,2)FT encoded by the SE locus (22). These data demon- 
strate that the cDNA in plasmid pCDM7-o(l,2)FT deter- 
mines expression of an a(l,2)FT whose kinetic properties 
reflect those exhibited by the human H blood group a(l,2)FT. 

The cDNA Sequence Predicts a Type II Transmembrane 
Glycoprotein. The cDNA insert in pCDM7-o(l,2)Fr is 3373 
base pairs long (Fig. 3). Its corresponding transcript is 3.6 kb 
long (Fig. 1), suggesting that this cDNA is virtually full- 
length. Two potential initiator codons are found within its 
first 175 nucleotides. Only the second of these, however, is 
embedded within a sequence context associated with mam- 



malian translation initiation (24). This methionine codon 
initiates a long open reading frame that predicts a protein of 
365 amino acids, with a calculated M T of 41,249. Hydropathy 
analysis (25) of the predicted protein sequence indicates that 
it is a type II transmembrane protein (26), as noted for several 
other cloned glycosyltransferases (for review, see ref. 27). 
This topology predicts an 8-residue NH r terminal cytosolic 
domain, a 17-residue hydrophobic transmembrane domain 
flanked by basic amino acids, and a 340-amino acid COOH- 
terminal domain that is presumably Golgi-resident and cat- 
alytically functional (27). Two potential N-glycosylation sites 
are found in this latter domain (Fig. 3), suggesting that this 
sequence, like other glycosyltransferases, may exist as a 
glycoprotein. No significant similarities were found between 
this sequence and other sequences in protein or DNA data 
bases (Protein Identification Resource, release 21.0, and 
GenBank, release 60.0), with the exception of a 642-base-pair 
sequence within the 3'-untranslated segment of the cDNA 
(Fig. 3) that is similar to the human Alu consensus sequence 
(28). Moreover, we identified no significant sequence simi- 
larities between this cDNA sequence or its predicted protein 
sequence and those of other cloned glycosyttransferase 
cDNAs (13, 16, 29-32). 



-103 GCCTGGCGTTCCAGGGGCGTCCGGATGTGGCCTGCCTTTGC&GA^ 

\ MffLRSHRQ LCLAFLLVCVL3VIFFL HIHQDSFPHGLGLSI 
1 ATGTGCCTCCGGAGCCATCGTCAGCTCTGCCTGGCCTTCCTGCTAGTC 

41 LCPDRRLVTPPVAIFCLPGTAMGP<&AS5SC PQHPASLSGT 

81 WTVYPHGRFGNQMGQYATLLALAQLNGRRAFILPAMHAAL 
241 ?GGACTGTCTACC€CAA?GGCCGGTTTGGTAATCAGATGG)GACAGTA 

121 APVFRXTLPVLAPEVDSRTPWRELQLHDWMSEEYADLRDP 
3 61 GCCCCGGTATTCCGCATCACCCrGCCCGTGCTGGCCCCAGAAG 

161 FLKLSGFPCStfTFFBHLREQIRREFTLHDHLREEAQSVLG 

201 QLRLGRTGDRPRTF VGVHV. RRGDYLQVMPQRHKGVVGDSA 

601 CAGCTCCG^CTGGGCCGCACAGGGGACCGCCCGCGCACCTTTGTCGGCGTCCACGTGCGCCG^ 

241 YLRQAMDHFRARHEAPVFVVTSNGMEtfCKENIDTSQGDVT 

721 TACCTCCGGCAGGCCATGGACTGGTTCCGGGCACGGCACGAAGCCCCCG 

281 FAGDGQBATPWKDFALLTQCNHTIMTIGTFGFWAAYLAGG. 

841 TTTGCTGGCGATGGACAGGAGGCTACACCGTGGAAAGACTTTGCCCTGC7CA 

321 DTVYLA®FTLPDSEFLKIFKPEAA FLPEffVGINADLSP L W 

961 GACACTGTCTACCTGGCCAACTTCACCCTGCCAGACTCTGA 

361 T LAKP * 
1 081 ACATTGGCTAAGCCTTGAGAGCCAGGGAGACTTTCTGAAGTAGCCTGATCTTTCTAGAGCCAG^ 

1201 CAAATGGGTGCCCGTATCCAGAGTGATTCTAGTTGGGAGAGTTGGAGAGAAGG 
1321 CAGTTC*TAGAAGCCACAGTGCCCACCTGCTCITCCCAGCCCATATCTACA^ 

1561 GtTTCAT«:CTG1XAAGAACCCTGCAGGGCCCTTATGGACAC^ 

1681 CGCTCTGTTGCCCACMCKMAGTGCAGTGGOSTCATC 

1801 CCATTATtraT^TAArTTTTGfAT^ 

1921 TTACTGGCATGATCfcACTCTGCCCACCCC^ 

2041 CAGCTCACTGCAAGCTCTGCCTteCGtMTI^TGCCATt^^ 

2161 cggiktttcatcgtgttaaccaggatggtctcgatctcctgacctSgtga 
2281 .xitttaatttttgtagagacgaggtcttgtcatattgcccag 
2401 cacaccgggccaagtgaagaatctaatg^tgtgca* 

2641 mtgtgaacgtggggtgagggatcactgccaamt&tacag 

2761 ggtg^gacttcagcttgcctctcacaatcaaggaagttggtctttgtctg 

2881 gtgaxaaactggcaggtaccgtgctcattgctaaccactgtctgtccctgaactcccagaa 

3001 ggacccagcctcagatccaggcaggagcacgaggtctggccaatc 

3121 AGCTCTCATCACATCCCCTGtCTACTCATCCAG^ 
3241 GAGGTATGAATTAAAAGTCTACAGCACTAA 

Fig. 3. DNA and derived polypeptide sequence of the cDNA insert in pCDM7-(l,2)FT. The amino acid sequence is shown in single-letter 
code. The hydrophobic segment representing the putative transmembrane domain is double underlined. Asparagine residues that represent 
potential N-glycosylation sites are circled. The two copies of a sequence homologous to the human Alu consensus sequence are underlined. 
Not shown are 16 additional deoxyadenihe residues found at the 3' end of the insert that represent a portion of the transcript's poly(A) tail. 
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the Protein Encoded by the cDNA Is an o(l»2)FT. The 
results of the expression experiments presented above, when 
considered together with the domain structure predicted by 
the cDNA sequence, are consistent with the presumption that 
it encodes an a(l,2)FT. Nonetheless, we wished to directly 
confirm this and thus exclude the possibility that it instead 
encodes a molecule that trans-determines this enzyme activ- 
ity. We, therefore, fused the putative catalytic domain of the 
predicted protein to a secreted form of the IgG-binding 
domain of Staphylococcus aureus protein A in the mamma- 
lian expression vector pPRQTA (21), to yield the vector 
pPROTA-a(l,2)FT c (Fig. 4). By analogy to similar constructs 
we have prepared with other cloned glycosyitransferases (13, 
16), we expected that, if the cDNA sequence actually en- 
codes an a(l,2)FT, then plasmid pPROTA-a(l,2)FT c would 
generate a secreted, soluble, and affinity-purifiable a(l,2)FT. 
Indeed, conditioned medium prepared from a plate of COS-1 
cells transfected with pPROTA-oKl,2)FT c contained a total of 
5790 units of o(i,2)FT activity, whereas a total of 1485 units 
were found to be cell-associated. Moreover, virtually 100% of 
the released a(l,2)FT activity was specifically retained by 
IgG-Sepharose, and most could be recovered after exhaus- 
tive washing of this matrix (Table 1). By contrast, we found 
that most of the activity in COS-1 cells transfected with 
pCDM7-a(l,2)FT was cell-associated (3450 units), with only 
trace amounts of activity in the conditioned medium prepared 
from these cells (~80 units). Virtually none of this latter 
activity bound to either matrix (Table 1). Extracts prepared 
from COS-1 cells transfected with vector pCDM7 or vector 
pPROTA did not contain any detectable cell-associated or 
released a(l,2)FT activity. These data demonstrate that the 
cDNA insert in pCDM7-a(l,2)FT encodes an a(l,2)FT and 
that information sufficient to generate a catalytically active 
a(l,2)FT is encompassed within the 333 amino acids distal to 
the putative transmembrane segment. 

The cDNA Corresponds to Genomic Sequences Syntenk to 
the H Locus on Human Chromosome 19. Genetic evidence 
indicates that expression of the human H o(l,2)FT is deter- 
mined by a locus on chromosome 19 (33, 34). By using the 
1.2-kb Hinfl probe, we identified a cross-hybridizing 6.5-kb 
EcoRI restriction fragment in the genome of the Chinese 
hamster ovary x human somatic cell hybrid line U V5HL9-5 
(Fig. 5, lane 1) that contains human chromosome 19 as its 
only detectable human DNA (11). This fragment comigrates 
with a 6.5-kb EcoRI restriction fragment detectable in human 



Table 1. Affinity chromatography of o(l,2)FT activity released 
from transfected COS-1 cells 
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s.p. Protein A COOH-terminal 333 aa 
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Fig. 4. Protein A-a(l ,2)FT fusion vector. The vector pPROTA- 
ad,2)FT c contains amino acids 33-365, representing the putative 
o(l,2)FT catalytic domain encoded by pCDM7-o(l,2)FT, fused 
in-frame with the IgG binding domain of 5. aureus protein A. SV40, 
simian vims 40 early gene promoter sequences. Sequences denoted 
by ^ indicate segments of the vector derived from rabbit 0-gIobin 
sequences including an intervening sequence (IVS) and a polyade- 
nylylation signal (An), s.p., Transin signal peptide. The Xho I 
(destroyed during the construction, in parentheses) and Stu I restric- 
tion sites used to isolate the catalytic domain from pCDM7-or(l,2)FT 
are depicted below the vector cartoon. The DNA sequence and the 
derived amino acid sequence across the protein A-or(l,2)FT junction 
are shown in the inset. The EcoRI and Stu I sites derived from the 
synthetic linker are underlined. 
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Conditioned medium from COS-1 cells transfected with pCDM7- 
a(l,2)FT or with pPROTA-a(l,2)FT c was chromatographed on IgG- 
Sepharose or Sepharose. Unbound (Spn) and matrix-retained mate- 
rials (Bound) were assayed for a(l,2)FT activity (10, 13, 16). 

genomic DNA (Fig. 5, lane 3) but absent from the hybrid 
parent Chinese hamster ovary cell line (Fig. 5, lane 2). The 
assignment of these sequences to human chromosome 19 was 
independently confirmed by Southern blot analy sis of a pair 
of teuyotypically stable (35) mouse 3T3 x human somatic cell 
hybrids (KLEJ-47 and KLEJ-47/P1, ref. 12) that differ only 
in their human chromosome 19 complement (data not 
shown). These results were also confirmed by Southern blot 
analysis of a commercial panel of Chinese hamster ovary x 
human somatic cell hybrid DNAs (BIOS) (data not shown). 
These observations support the results of the transection 
experiments indicating that the cloned cDNA encodes the 
human H blood group a(l,2)FT. 

Our previous observations indicated that the 3.4-kb EcoRI 
fragment in the plasinid pH3.4 (10) and detected in the 
genomes of H-expressing mouse t cell transfectants (9) was 
responsible for determining a(l,2)FT expression:. Sequence 
analysis of this fragment and of the 6.5-kb EcoRI fragment 
identified in these Southern blot experiments indicates that 
the 3.4-kb segment is encompassed within the 6.5-kb human 
EcoRI fragment, which was apparently truncated at a posi- 
tion on the 3' side of the coding sequences during the 
transfection process (R.D.L., L.K.E., and J.B.L., unpub- 
lished data). 

DISCUSSION 

Genetic and biochemical evidence indicates that the human 
genome encodes at least two discrete a(l,2)FT activities 
thought to represent the products of two distinct loci (H and 
SE) closely linked on human chromosome 19 (33, 34). A third 
distinct a(l,2)FT activity may also be expressed by human 
cells (36). Isolation of cloned genes or cDNAs encoding these 
molecules has not been possible because these enzymes are 
found in small amounts and are difficult to purify. The 
isolation of the a(l,2)FT cDNA described here was made 
possible by a gene-transfer approach (9, 10) designed to 
isolate genes that determine a(l,2)FT expression without the 
need to first purify the enzyme. Although it remains to be 
demonstrated by formal linkage analysis that this cDNA 
represents the human H blood group locus, we nonetheless 



1 2 3 



Fig. 5. Southern blot analysis of somatic 
cell hybrids. Genomic DNA samples pre- 
pared from various cell lines were digested 
with EcoRI and subjected to Southern blot 
analysis. The blot was probed with the 32 P- 
iabeled 1.2-kb Hinfl fragment of pH3.4 (10). 
Mobilities of DNA molecular size standards, 
in kb, are indicated at left. Lanes: 1, somatic 
cell hybrid Une UV5HL9-5; 2, Chinese ham- 
ster ovary cell parent of UV5HLW hybrid; 
3, human peripheral blood leukocytes. 
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believe the kinetic analyses reported here and elsewhere (10) 
plus the chromosomal localization studies provide very 
strong support for this assignment. Structural and functional 
analyses of null alleles isolated from rare H-negative indi- 
viduals (Bombay and para-Bombay phenotypes, ref. 1) 
should also contribute to our understanding of this gene. 

It appears that, in general, glycosyltransferases exist as 
Golgi-resident membrane-anchored molecules as well as se- 
creted, soluble, and catalytically active forms thought to be 
derived from the membrane-bound precursors by intracellu- 
lar proteolytic cleavage (27, 29). Our transfection studies 
using the cloned a(l,2)FT cDNA indicate, however, that only 
trace amounts of a(l,2)FT activity are released from COS-1 
cells. This observation differs from our results with two other 
cloned glycosyltransferase cDNAs (13, 16) that determine 
significant quantities of released soluble enzyme activities 
when transfected into COS-1 cells. Apparent lack of a(l,2)FT 
release by transfected COS-1 cells is also at odds with the 
observation that the H blood group a(l,2)FT can generally be 
detected in human serum (10, 22, 23). Resolution of these 
apparent discrepancies will await biosynthetic studies de- 
signed to establish the structure(s) of polypeptides (catalyt- 
ically active or not) encoded by transfected glycosyltrans- 
ferase cDNAs and subsequently retained or released from the 
transfected cells. 

The cDNA sequence predict$ a type II transmembrane 
glycoprotein whose domain structure appears to be topolog- 
ical^ and functionally identical to other cloned glycosyl- 
transferases (13, 16, 27). However, we found no significant 
primary sequence similarities between this fucosyltrans- 
ferase and other glycosyltransferase sequences, including 
those that utilize identical oligosaccharide acceptor mole- 
cules [a(l,3)jgalactosyltransferase, refs. 16 and 32; a(2,6> 
sialyltransferase, ref. 29] or sugar nucleotide substrates [hu- 
man' a(l,3/l,4)FT, ref. 13]. These observations are in keeping 
with other glycosyltransferase sequence comparisons (29- 
32) as well as our analyses (13, 16) and suggest that the 
structural basis for substrate recognition by glycosyltrans- 
ferases is not necessarily predicated upon generic protein 
domains with specificity for distinct oligosaccharide accep- 
tors or nucleotide sugar substrates. Indeed, we have noted 
(37) substantial primary sequence similarity between a mu- 
rine a(l,3)galactosyltransferase (16) and a human a(l,3)JV- 
acetylgalactosaminyltransferase (31) that exhibit distinct 
nucleotide sugar and oligosaccharide acceptor substrate re- 
quirements. Nevertheless, low-stringency Southern blot 
analyses using the a(l,2)FT cDNA described here and other 
cloned glycosyltransferase sequences*(J.B.L. t unpublished 
data) suggest that structural similarities may exist within 
distinct classes of glycosyltransferases. The outcome of 
cloning experiments designed to determine the structures and 
test the ftinction(s) of such cross-hybridizing sequences 
should determine whether this is indeed the case. 
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Abstract. A fibroblast mutant cell line lacking the 
Na + /H* antiporter was used to study the influence of 
low cytoplasmic pH on membrane transport in the en- 
docytic and exocytic pathways. After being loaded with 
protons, the mutant cells were acidified at pH 6.2 to 
6.8 for 20 min while the parent cells regulated their 
pH within 1 min. Cytoplasmic acidification did not 
affect the level of intracellular ATP or the number of 
clathrin-coated pits at the cell surface. However, cyto- 
solic acidification below pH 6.8 blocked the uptake of 
two fluid phase markers, Lucifer Yellow and horserad- 
ish peroxidase, as well as the internalization and the 
recycling of transferrin. When the cytoplasmic pH was 
reversed to physiological values, both fluid phase en- 
docytosis and receptor-mediated endocytosis resumed 
with identical kinetics. Low cytoplasmic pH also in- 
hibited the rate of intracellular transport from the 
Golgi complex to the plasma membrane. This was 
shown in cells infected by the temperature-sensitive 



mutant ts 045 of the vesicular stomatitis virus (VSV) 
using as a marker of transport the mutated viral mem- 
brane glycoprotein (VSV-G protein). The VSV-G pro- 
tein was accumulated in the mms-Golgi network 
(TON) by an incubation at 19.5°C and was transported 
to the cell surface upon shifting the temperature to 
31°C This transport was arrested in acidified cells 
maintained at low cytosolic pH and resumed during 
the recovery phase of the cytosolic pH. Electron mi- 
croscopy performed on epon and cryo-sections of 
mutant cells acidified below pH 6.8 showed that the 
VSV-G protein was present in the TGN. These results 
indicate that acidification of the cytosol to a pH < 6.8 
inhibits reversibly membrane transport in both endo- 
cytic and exocytic pathways. In all likelihood, the 
clathrin and nonclathrin coated vesicles that are m- 
volved in endo- and exocytosis cannot pinch off from 
the cell surface or from the TGN below this critical 
value of internal pH. 



Animal cells maintain a very precise cytoplasmic pH 
A usually between pH ID and 7.2 (reviewed in Roos 
J~\ and Boron, 1981). Growth factors, neurotransmit- 
ters or direct cell-cell interactions can modify the regula- 
tion of the intracellular pH in receptive ceUs (reviewed in 
Rozengurt, 1986), but little is known about the effect of these 
variations on membrane traffic. In the case of the endocytic 
pathway, we showed that the concomitant decrease of the ex- 
£aceilular and intracellular pH inhibits the endocytosis of 
plasma membrane proteins and fluid phase marten in baby 
hamster kidney (BHK) cells (Davoust etal., 1987). Claftnn- 
coated pits, which concentrate receptors and hgands to be in- 
ternalized, were still present at the cell surface of the 
acidified cells without apparently being able to pinch off 
from the cell surface. As a possible interpretation of these 
data we proposed that clathrin present on coated pits and 
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INSERM-CNRS de Mareeille-Luminy, Case 906 13 288 Marseille cetua 
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coated vesicles was unable to depolymerize because off the 
acidic pH. Another group reported that cytoplasmic acidifi- 
cation inhibits specifically the endocytosis of different recep- 
tors located in coated pits, but that the internalization of fluid 
nhase or of ricin which binds to terminal galactose residues 
Wunaflected (Sandvig et al.. 1987, 1988). This led to the 
proposal that an alternative pathway of internalization inde- 
pendent of clathrin-coated pits was responsible for the uptake 
of ricin or of fluid phase in the acidified cells. In the exocytoc 
direction, a recent report indicated that cytoplasmic acidifi- 
cation can trigger the insertion of proton translocating ATP- 
ase in the apical plasma membrane of acid-secreting cells in 
turtle bladder epithelium (van Adelsberg and Al-AwqaQ, 
1986). These are specialized cells and in the present report, 
we used fibroblasts to determine whether cytoplasmic acidi- 
fication could be used to affect differentially the endocytic 
and exocytic pathways. 

lb look at several pathways of membrane transport, we as- 
sayed simultaneously the internalization and the recycling of 
ligands, the uptake of two fluid phase markers, and the exo- 
cytic transport of a membrane protein from the trans-Golgi 
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netwrk (TGN)' to the cell surfece. Wfe used a mutated cell 
line, PS120, derived from the hamster lung fibroblast CCL39 
cells, which lacks the NaVH + exchange activity (Pbuvs- 
segur et al.. 1984). These cells could be acidified for 20-30 
mm using a pulse of NH4CI in bicarbonate-free medium 
followed by a washout. Under the same conditions, the par- 
^ t t ^ r ^^^W 1 aanicpHbecauseofthe activity 
of the Na + /H + annport. The mutant cells allowed us to ma- 
niputate the intracellular pH without the need of external 
buflers or substitution of ions, and the parent cells were used 
to control our experimental conditions. The results indicate 
that cytoplasmic acidification has an inhibitory effect on the 
internalization of ligands and markers of the fluid phase as 
well as on the export of a membrane protein from the TGN 
to the cell surfece. 



were incubated for 1 mm in 2 ml DMEb/FCS comainina 1 uCU"CTheZ 
the cells nnsed four tunes with PBS within 10 j After metat^»h 



Materials and Methods 



Materials 

TO, l^lxwseradish peroxidase (HRP), BSA, transferrin, Lucifer Yel- 
Jow(LY)CH, and prooase were purchased from Sigma CheratadCo. (& 

(DM© Of jwAoul t twarbonate (DMEb) and Glasgow n»dified^3 
^r,T^ b ^°S? ^ GME) «« obtained ZToirxo^K 

S^/a*" 0 - ^ ri, «- labeled acid was from AmerstaS 
International (Amsersham, UK). ™»»w«un 

J ,^.f rep ^' 23l " labe,ed transferrin - 0l5 mg of iron-loaded transferrin was 
dHuted m 200 Ml PBS (Dulbecco's formulation) and incvJwedMntin^ 
m ui the presence of 500 „Ci Na'»I (AmerstanVftSto q2» 

{Pierce Chemical Co.. Rockford, IL). The reaction was stopped byremov 
mg .he sample from the tube ar*l the rionincorporated iodtawM rented 
^r^f 1 ^ ° D 8 S£phadeX G»10^ ttS^m columnTh^S 

UZ» BSA (PBSmSA). The labeled transferrin (9W cpni/ng) was stored at 
4C and used within 1 month. »ft-loaded transferrin (Wcpm/ngTwM a 
generous gift from S. Fuller (EMBL, Heidelberg, FRO) 



Cell Cultures and Viruses 



P^'f" *ff (American Type Culture Collection. Rockville, MD) and 
C^Wemed mutant cell line PS120 lacking functional Na*/H* Jport 
(P«iyssegur et al 1984) were maintained in DME supplemented *M 
mM Hepes, 4.5 g/liter D-glucose, and 10% PCS (DME/FCS) in a 5% 

^.m7 3 ^?f J C ? nflueM 8">*n on S^nvdiam plastic Falcon dishes 
cellsAush). BHK cells were grown in GMeVxZ*ZT* rc& 
nlVTS^^^^ 0ibco ^nttoriesTandlOmM Hepes,' 
fL 'i^*^ 1 ? 5 - 9 ?* < r fluent nionolayer. of BHK cells wereiS 
?1 * J*!" 6 ' \T A " £ ctone B O* 5 " 6 * VSV (Griffiths et 

fec2£ v'trE/" ^ ,0 lP^«^«^(l*.)permJat 
Corneal lUt ^ PCTmlal 39 5 0 ^ ^ - ^ <* 

Acidification Protocol and Determination 
of Intracellular pH 

% provide an acidification, parent and mutant cells were rinsed with 3 ml 
DMEb, .supplemented with 20 mM Hepes, 4.5 g/liter glucose, and 10* 
PCS. pH 7.4 (DMEb/FCS), and preiiSed a. 37'C farcin to 3 , 2 
of the same medium containing 20 mM NH*C1 The 

The pulse with NH4CI was omitted for control experiments. 
The measurement of intracellular pH was based on u>partitkm of trace 

lAbbreviaHons used in this paper. DMEb, Dulbecco's modified essential 

w^ bicarbonate; HRP, horseradish peroxidase; LY, Lucifer Yellow; 
MEM* mimmal essential medium without bicarbonate; TGN, mwsOoM 
network; VSV-G, vesicular stomatitis virus G protein. 



Fluid Phase Uptake 

^CL^^ ° n ^ ls jg rown °" coverslips. LY was used after 

fc^ * reduce me nc^ifc b*£ 
^und on the eel support Format. LY was first dissolved in n^a^,^ 
tone. 2:1. ahquoted. and dried in defined quantities in 10-mi te^ruh« TV 
ZrT* , °^ dified ° r mmm] cdlsT^cL a^e^S-of T 
£Jl ^ !^ r &t0pped 31 ^ ti ™ by cWuingTcells 
which were then nnsed five times with PBS/BSA at 0°Q andp^g^phed 
mafl^escer^Ze^phc^rruc^ 

of 1 mg/ml HRP for 5-60 min, then chilled on ice, and washedat 0°Cfot 
5x5minwith20mJofPBS^SAand5 x 5 mm wim 20^ PM Tte 
air^untof internalized HRP wa, .tetermined as descXd in a rS^S 
port (Davoust et al.. 1987). 8 P revtou » »«- 

Transferrin Binding, Uptake, and Recycling 

s ^ J" in « transferrin, 0.2% BSA was substituted for 10% PCS 
in aU the media. The cells were depleted of endocenous 1™^'^^! 

D^Sf ^ D ^^ttSa^^nrf 
SS£ SrlT9^ C m P^sence of 5 % CO2 as described 

SlTYf ^ transferrin. They were men 

^™.^,^ bl f«^ «o five cycles of acid and albUme washed 
mi- ^Z^JSJ" 1 PBS «Wtemeiiled with 10% FCSpH5Aand 15 
min 1 wmv 0 ml PBS supplemented with 10* FCSpH&0 as deemed 
1986 >- The ^ v«re then rinsed fi^fc^ w«W 
n^^l ^ ^J" ^ ^ ^ lysU buffer, scraped^onS 

aJfuSSS!".^ i ,'f en,ali ? uion of transferrin at difrerent times after the 

74) 10 remove '^-transferrin bound to the ceil surfece JdZ 
^(I^Vmatetal.. ^^Ciechancveretairi^)^^ 

h^f^^' 00 ^P 0Bdin 8 to internalized transferrin, was countj. GeT 
^^TexST ^ ^ * <10% du^SX tint 
^^nrfa^nAajT* Nonspecific internalization was determined in the 
Presence of a 400-fold excess unlabeled transferrin 

vJ^Stf^lf**? """^ *" m *" «" ««*ce, '^^rmtsferrin 
dl f!!l to . ba,d to *" «■ tor 90 n^usiiigVsX^ 

PK^Su 0 ^«^T^ ly .* M 5 in 8 the 5 x 3 min with 10 ml 
fafflD^ftS u. «=i *'* 10 ml PBS. The cell, were then extracted 
uiSOO^l of lysis buffer, scraped, homogenized, and aliajwed^lutomn. 

m J£^2 l * r .. me oftiansferrin from the endosomes to the cell 

^^1??* with20[nM NH«C1. At time zero meSh 

foTl ^ DMEh/ MA««« chased in the same medium 

2u ~2LT£ J** reqcUn8 ^ ,25l -t™»fertn accuiimlatedta Z 
t^Z Ub ZZ K ? >ea """fe^on ice and Ibectam^tym^. 
lected and replaced with 3 ml of iceHX)ld PBS^SA. The cdlHr^then 
succewvely washed and treated with pronase, a, detSedT^ 
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Figure 1. Effect of cytoplasmic 
^ratification on tnmsferrin- 
mcdiatod 55 Fe uptake. Mutant 
cells lacking the Na + /H+ anti- 
port and parent cells were in- 
cubated for 30 min at 37°C 
in the presence of 20 mM 
NH4CI and rinsed twice with 
a NHiO-free medium, (a) In- 
tracellular pH was deduced 
from the partition of ["CJben- 
zoic acid between the cyto- 
plasm and the extracellular 
medium at the indicated times 
after acidification in the mu- 
tant cells (m) or the parent 
cells (a), (b) Uptake of »Fe 
in mutant cells incubated in 
the presence of 75 nM 53 rV 
loaded transferrin for the indi- 
cated time after acidification 
(■) or without acidification 
(D). (c) Uptake tit*Fe in par- 
ent cells determined as in b, 
after acidification (a) or 
without acidification (a). 
Nonspecific uptake (10%) was 
determined in the presence of 
a 400-fold excess of unlabeled 
transferrin and subtracted 
from the total counts. The ex- 
periments were performed in 
duplicate and the results ex* 
pressed as the mean ± SD. 



wir?^T™ r 001 ^ 8 <* BHK <*»» infected 

wi^h VSV ts 045 as described for the PS120 and CCL39 cells. MEMhum 

GM^^hST^ "JZ «*• nx**£m weir 

^^L^ 0611 sur&cc in ""Heated. 
reversed cells **s performed as for the PS120 and C^9ceuT^ 

Electron Microscopy and Stereology 

^^J^^^^m^mnsn cryosectioniflg and iimmincv 
labdii^g as previously described (Griffiths et aiCim 19841 giST^ 
For the estimation of cell surfed coafcd pits*i c^^t^S ran- 
dom aerographs *«e taken of epoo sectJcSs ofaciSa^ c^c^ 
ataprinwy magmficaticm of 28j00a These were enla^onTZSr 
SftSW? 8 IiBC8r **** * 4 ' ^ mcnSK 
tne to^l amount of plasma membrane by courting the ratk) of mto^rm« 

Sir h ^ int^sections of the fo^?UsK2S^^; 

Other Assays 

The intracellular ATP levels were determined using the luciferin luciferase 
assay as already described (Davou* et al., 1987? wcilerase 



T^^JS*^**" 5 * « • Ciechanover et al., 1983). 

™S^U^ V ^,° f * counts), of the sEer 

nats*(pronase sensitive counts), and of the cell medium was assayed 



045-irrfected Cells 

oMfluen^unnuinofluorescftKe or on plastic Petri dishes for the quan- 
tttatw surface immunoassay. Monolayer* were infected with VSV ts Su 
S^SSSSl^ 5 * of minimal etS^StaT wluSS 

SJP^ COn,a j nin 8 ' * »^ and 10 mM Hepes. $ 7?for 

ml^^u^-^TT- ^ *** w«m DMEtVPCS containing 40 «*/ 

qclohoumide and 50 mM NHtCl, and in- 

SelK'S £ZL ,ne ^ U^, an ° dler » «>» at 19J«C At the end 
^ wcubatoon, al| samples were rinsed twice with DMEb/FCS con- 

S^^^ 1 f Ub!ae l ia ^ diferem 
w awaterbath at 31°C Cells were then cooled on ice and processed for in- 

t^^^r^ anti-vestaTsSmtSS, O 

2f3?" Z££ (K ' SimODS - EMBL - Hektelberg) followed™* 
«**ic^ 4 a^rtod^ 

K^EMBL). Quantitation of the amount of VSVG at feed] surface w£ 
performed using a new ftjoroimmiinoassay (Davoust et al., 1987) Thf 
nHmolayer was reacted with a monoctonal antibody «ainst OwoS 
«cp^ domain 07-2-2M; K. Simons, BMBljX^iLS 
S^^n 30 ,^?/ 00 - ^ ^ ^ then washed 3 x 5nTwmi W 
SSS ? 5*-% ^^•^'"MMgCb.a*! treaJtih 
^ ,m^^ J^^^f" 1 "" 8 Q2 ^ty-purifi* sheep anti-moase 
fcM^labeled wift Eu (Hemmili. 1984).^washmgi I uence^at 
repeated and the monolayer was reacted with Q5 ml Vykllac enW^w 
^ CW*c Oy ^rku, Finland) to release tit^S 
««» of the amount ofEu was performed by measuring the delayed InW 



Results 

^ ^ required 

tent ccUs lacking the Na*/H+ antiport and the parent ceUs 
wre used asa control. To acidify the cytoplasm^bouvSl 
mes we used a puke of 20 mM ^Cl Slowed by achSe 

a^iiS^ * rou « h L thc PJa«na membrane and protons 
Rented by cell metabolism or attracted by the intracellular 
negative potential are captured in the frWof NH^DuriS 
Je chase, the intracellular NH« + dissociates into NH? 
wfech is r^ermeable, and protons, which cannot cross the 
fj^^rane. In parent cells, the sodium concentration 

K a^Z /t ^ tiVe , CTtrUSi0n ^ through the 

2 i atA^l* m P ,asma membrane (L'Alleraain et 
^^f^' ^"^"^PH was only transientlySS 
c^ I ?l aC,< ^ C f 0n(F * 1 a ' solid triangles), to mSS 

SSSS? * e fi r tional Na+/H+ which were de- 

rived ftom hamster lung fibroblasts (Ibuyssegur et al., 1984), 

.^ K,, 5 ca ? ,on °f *e cytosol reached a pH minimum of 6.2 
within the first 2 min of the chase of NH4CI andth^pH was 
maintained below pH 6^ for ~20 min (Fig 1 a ,S 

bly due to a regulation of iiitracelhilar pH mediated bytero 
an^of HCO,- in equilibrium wuj Tatmo^SS C^S 

S ri ^ t*" I985) - ^ ^Uular ATP 

^« was not affected by cytosolic acidification (data not 

£T°' vu *^ by counting the cells 24 h af- 
ter the acidification, was not altered in accordance with ore- 
vious results (ftmyssegur et al„ 1984) P 
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figure 2. Effect of cytoplas- 
mic acidification on recycling 
of l25 I-labeled transferrin. Mu- 
tant and parent cells (a and b, 
respectively) were preincu- 
bated for 30 min at 37"C with 
20 mM NH«a and 50 nM 
'"I-Iabeled transferrin. The 
cells were then washed twice 
and chased in die absence of 
NH«C1 and transferrin. At the 
indicated times of chase, the 
amount of '^'-transferrin was 
determined in the cell medi- 
um (tree counts; a), at die 
cell surface (pronase-sensitrve 
counts; a), and inside the cell 
(proriase-resistamcoumsrQ). 
Bach fraction was expressed as 
the percentage of total counts 
that varied from lOOjOOO to 
120000 cpm per dish. The ex- 
periments were performed in 
duplicate and the results ex- 
pressed as the mean ± SD. 



Cytosolic Acidification Inhibits Receptor-mediated 
Endocytosis and Recycling to the Cell Surface 
We studied the effect of low intracellular pH on the endocyto- 
sis and the recycling of transferrin, since this is a weU-char- 
actenzed marker of receptor-mediated endocytosis (Hopkins 
and Trowbridge, 1983; DautryAfcrsat et al., 1983; Ciechan- 

"J 9 P ; Klausiler * aI - 1983 >- The iron-loaded 
tnmsretra^bmds to the transferrin receptor and is -.tomi- 
ized y W chthrin^»atirf' irits before being deliver^ to an 
acidic endocytic cpmpartrnent. Fig. 1 shows the effect of cy- 
toplasmic acidification on transferriri-mediated ,5 Fe uptake 
In the nonacidified mutant cells, "Fe accumulates linearly 
up to 60 min (Fig. 1 b, open squares). The accumulation can 
be competed by an excess of 1 ?M cold transferrin. When 

JEX?**? WCre ** dified at oH « a significant reduction 
(»u%) in the rate of accumulation of "Fe was initially de- 
tected (Fig. 1 b, solid squares). After ~30 min endocytosis 
resumed at its normal rate. In the wild-type parent cells, 
Fe accumulates at similar rates both with and without 
acidification (Fig. 1 c). 

The whole cycle of transferrin internalization and recy- 
cling at the cell surface occurs with a half-time of ~7 min 
(Dautry-A&rsatetal., 1983;Ciechanoveretal., 1983;Klaus- 
ner et al., 1983) and it was of interest to determine whether 
low cytoplasmic pH also had an effect on the recycling from 
the endosomes to the cell surface. For this purpose, mutant 
parent cells, were incubated with '^-transferrin during 
the 30-nun pulse of NH*C1 and we determined the amount 
of ^-transferrin present in the cell medium, inside the 
cell, or at the cell surface as a function of time during the 
chase In the mutant cells acidified at pH 6.2, we observed 
an inhibition of the recycling to the cell surface of the inter- 
nalized transferrin (Fig. 2 a). Recycling slowly resumed after 
20 nun .and after 90 min virtually ail the internalized counts 
were released into the cell medium (data not shown). Experi- 
ments performed under the same conditions with the parent 



cdlsuidicated a very rapid and complete exocytosis of *I- 
transfemn (Fig. 2 b). The same kinetics of transferrin recy- 
cling were found in the untreated parent or mutant cells (data 
not! town) The number of rransferrin binding sites at the 
surfeoe of the mutant cells was not mariatf y afected by the 
^f^P™^? 1 38 quantitated with ^-trawferrin. 
From 80 to 95% of the control amount of transferrin surface 
Sltes w» detected at different times after the 
acidification. Furthermore, the proportion of plasma mem- 
brane surface area occupied by coated pits was similar in the 
mutont cells acidified for 10 min or not acidified, respec- 
tively, 2.8 ± 04% and 2.7 ± 0.5% 



Potest whether the mhibitfon of eiioVxytosis was restricted 
to receptor-mediated endocytosis via coated pits, we used 
two different fluid phase markers: LY, which can easily be 
aetected Iby fluorescence microscopy (Swansonetal., 1985), 
arri^HRP, which can easily be quantitated (Steinman et al 
1974). Intherwriacidmed mutant cells, LY accumulated prr> 
S^yely Wto mtracellulair vesicles detectable after 10. 20. 
or 60nuh (Fig 3, a, and c). When the mutant cells were 
acidified at pH 6.2 no accumulation of the fluid phase marker 
was detected during the first 10 min (Fig. 3 d) Endocytosis 
resumed after 20 mm (Fig. 3 e) as evidenced by the presence 
of fluorescent vesicles in the peripheral cytoplasm. After 60 
mm numerous intracellular vesicles loaded with LY were de- 
tected (Fig. 3/). In the parent cells used as a control, there 
was no lag tune in the formation of LY-positive endocytic 
vesicles. LY was clearly detectable in endocytic vesicles as 
bright fluorescent spots, but the quantitation of its uptake was 
not straightforward because it can slowly permeate the 
plasma membrane resulting in a weak and diffuse fluores- 
cence 

obbun^<niar^tiw 

temahzed, we used HRP. In the mutant cells without 
acidification the accumulation of HRP was continuous for 
W) nun (Fig. 4a, open squares). In the acidified mutant cells 
the uptake of HRP was drastically reduced to 20 % of the con- 
trols for the first 20 min, and from 30 min onwards endocyto- 
sis resumed at its normal rate (Kg. 4 a. solid squares) In 
the parent cells, the uptake of HRP was unaffected by the 
acidification (Fig. 4 b). When mutant cells were acidified 
and mcubated in the presence of bicarbonate and 5% CO, 
to allow the cells to regulate their intracellular pH (L'Alle- 
rnatn et al 1985), HRP endocytosis resumed within 5 min 
(data not shown). 

We also compared the uptake of HRP with that of 
transfernn presented during a 5-min pulse at different times 
of chase after acidification in the mutant cells (Kb 5) The 
uptake of HRP and ^-transferrin was reduced to one-fifth 
«tr» control during the first 20 min of chase. After this 
hme^mternalization resumed with superimposable kinetics 
for both markers indicating that the reduction of intracellular 
pH below d8 had an identical effect on both the fluid phase 
uptake of HRP and the receptor-mediated endocytosis of 
transferrin. 

Transport of VSV-Gfrom the TGN to the Cell Surface 
Since cytosolic acidification clearly interfered with the rate 
or membrane transport at various stages (internalization and 
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4°C before photogrcphy using a fluorescT^Jr^ ^ ^ "■*■» --Mr * 

unmersion lens. Incubation time: 10 (a ZTlOibZ T£%^J^£Tg£ for LY and a 63 X plan neo^uar 



recycling) in the endocytic pathway, it was conceivable that 
eracyuc transport of proteins might also be affected in a simi- 
lar way. We took advantage of the temperature-sensitive 
transport mutant ts 045 of VSV to test the effect of low cyto- 
plasmic pH on the transport of VSV-G from the TON to the 
cell surface. The cells were first incubated at the nonpermis- 
sive temperature (39°C) to accumulate VSV-G protein in the 
RER and VSV-G was then accumulated in the TON for 105 
nunat 19.5°C in the presence of cycloheximide as previously 
described (Griffiths et al., 1985; de Curtis et al., 1988). Hie 
transport of VSV-G from the TON to the cell surface was as- 



sayed in acidified or nonacidified mutant cells shifted to the 

v^ZI? npe, i tUre , 0f 31 ° C to ^ "onaal transport of 
vsv-G protein to the plasma membrane. At 19.5 °C a con- 
centration of 50 mM NH.C1 (instead of 20 mM at J7°0 

^"f 6 ^ ?i? h,ce Ae ^cation of the cytoplasm to 
pH 6.2 when shifting the cells at 31°C. Under these condi- 
tions, the variations of intracellular pH with time were 
equivalent to those established at 37°C (see Fig \ a ) 

The transport of VSV-G was monitored either by' im- 
munofluorescence in permeabilized cells to reveal its intra- 
cellular distribution or by surface immunoassay to quantitate 
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IB 30 45 60 
tlm« (mln) 



Figure 4. Effect of cytoplas- 
mic acidification on fluid- 
phase uptake of HRP. Mutant 
and parent cells were in- 
cubated in the presence of 1 
n^ml HRP after acidification 
with a pulse of 20 mM 
NH4CI or without acidifica- 
tion. At the mrfi«»frn| times the 
ceils were cooled on ice, 
cashed, and the amount of in- 
ternalized HRP was deter- 
mined and normalized to the 
cellular proteins, (a) Mutant 
cells acidified (■) or not (o). 
(&) Parent cells acidified (a) 
or not (a). The experiments 
were performed in duplicate 
and the results expressed as 
the mean ± SIX 




is 30 45 60 

Umm (mln) 



Figure 5. Comparison of fluid 
phase endocytosis and recep- 
tor-mediated endocytosis in 
acidified mutant cells. Mutant 
cells acidified with 20 mM 
NH4CI were incubated for 
different times in DMEb/BSA 
and then pulsed for 5 min 
with 1 mg/ml HRP or SO nM 
l25 I-labeled transferrin. The 
„ , , . cells were then cooled on ice 

^d^wd 4e internalized HRP (.) or transferrin^?^ 

iZ*?lZL J2£ aaag l of ^ control (nonackfified mutant cells) 
J^e^rf ^.transferrin, the nonspecific uptake 05% o?3 

^^^^^L an i nCUbatl0n ta ^ P«««* of a 400-fold excess 

unut^tlnS? SUbtractedand ** ***** sS 
S^SrJi^r^? ^ nonnali »d ««) the surfed binding 
sites of ^-transferrin (determined at equivalent time points) The 
ume pomte mchcated on the graph correspond to theS^n? 



Ae rate of appearance of VSV-G at the cell surfece. In the 
NaVH* mutant cells, VSV-G was localized in the RER at 
the nonpermissive temperature (Fig. 6 a) and men VSV-G 
^vedtotheGolgi region aAerachase for 10Sminatl9 5°C 
2S m additi0Ml for 30 min at 31»C, most 

of the VSV-G vras present at the surfece of the nonacidified 
mutot cells (Fig. 6 c) whereas the VSV-G remained as- 

^T^fJ^J? 1 ? t ^ on m * e ^ed mutant cells 
(Fig. 6 </). After 60 nun at 31°C VSV-G was equally present 



IS?™ U ! atbc ^ f me nonacidified and acidified mutant 
Tw$L e ^resp^ly). No delay in the transport 
of VSVG from TGN to surfece was found in the control par- 
ent cells treated with a pulse of NH.C1 (not shown). The 
time course of the cell surfece appearance of VSV-G was de- 
tennroed in either acidified or nonacidified cells using a sur- 
tacefluoroimmunoassay (Davoust et al., 1987). A half-time 
of 15 muwas found for this process in the nonacidified mu- 
tant cells (Fig. 1, open squares). Upon cytoplasmic acidifica- 




VSV-G was accumulated first in the R^foTa 5 h a^39^ r^^fl 1 ^ T^*" Mutant ^ ™* infected with VSV ts 045 

mide either for 105 min in «»*ia^cei ^ 

^(^•Celbwerethenr^ 

for either 30 (c and d) or 90 min (e and/) before fixation Slll^LS? 31 C ,n *** prcsencc ^ 40 Wml <^loheximide 

antibody followed by a ^c^^^^^^^^^^^ unmunofluorescence using a^bfarS^S 
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Figure 7. Surface appearance 
of VSV-G in infected mutant 
cells. The conditions of infec- 
tion of mutant cells with VSV 
to 045 and the conditions of 
accumulation of VSV-G in the 
TGN were identical to die 
ones of Fig. 6. After the indi- 
cated times of chase at 3PC, 
VSV-G present at the cell sur- 
face was quantitated using an 
_ anti-VSV-G monoclonal anti- 

body. As a second antibody, wc used an Eu-labeled anti-mouse an- 
tibody and we measured the delayed fluorescence emission of Eu 
using a time-resolved spectrofluorimeter as described previously 
(Davoust et al., 1987). ■, acidified cells; d, nonacidified cells. 
Each point was performed in quadruplicate and the results are ex- 
pressed as a number of photon counts per second ± SIX 




tion of mutant cells, the half-time of VSV-G transport to the 
cell surfece was increased to 35 min, but essentially the same 
amount of VSV-G was delivered to the cell surface after 60 
and 90 min as compared to the controls, (Fig. 7, solid 
squares). In toe parent cells, the pulse ofNH,Cl had no de- 
tectable effects on the rate of appearance of the VSV-G at the 
cell surfece (not shown). 

Electron microscopy was then performed either on cryo- 
secbons labeled with antibodies against the VSVG to study 
the intracellular distribution of the VSV-G or on epon sec- 
SJfi^ mo n*ology of the TGN loaded with 
vs y-y- On the cryosections obtained from the mutant cells 
acidified for 30 min (Fig. 8), the gold-labeled VSV-G was 
present in a membrane compartment ^distinguishable from 
the TCN previously characterized in BHK cells (Griffiths et 
ai., 1985). In agreement with our quantitation of the surface 




taitaW for 30 min .a™ hh.0 HWclSdS^ S ntlSLt ^n"* ^ 0,50 mM ""^ " *e cell, m 

TON te iftown where die ^JS«2fflWffi 
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(see Griffith, et al., 1985). ^chOnit^^i^^^^Il^ \ i?* ^ mmbrane filled with VSV-G 

epon sections (Fig. 9), this post^l^ltoeTrf SES ST* ^ ^ d f P*** 1 * of ^ 

^ wmpanmeni 01 ac- which tends to form invaginations characteristic of the TON 
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Table I. Transport of VSV-G from the TGN to the 
Cell Surface in BHK Cells 



Conditions of 
incubation it 31 °C 


IntnceOular pH 


Net amount* of VSV-G 

tf»ngi|ftrtMl fmm ff«* TY3U 
MBuapwnai uuui QIC (O 

tbc ccfl surface 






cotmts/s X !0~* 


40 min in 






MEMb pH 5.7 


6.2 


37 ± 11 


80 min in 




MEMb pH 5.7 


6.2 


61 ±21 


40 min in 




MEMb pH 5.7 


6.2 




followed by 40 min 


followed by 


186 ± 15 


in GME* pH 7.4 


7.2 


40 min in 






MEMb pH 7.4 


7.2 


148 ±14 


80 min in 






MEMb pH 7.4 
40 min in 


7.2 


145 ± 14 


MEMb pH 7.4 


7.2 




followed by 40 min 


followed by 


196 ±20 


in GME* pH 7.4 


7.2 



TON at 19 J Cunderthe same conditions as in Fig. 6. Cells were then rinsed 
^k* andincubated at 3PC m the presence of 40 ng/ml cyctoheximide a. irSh 
med The amount of VSV-G present «t the cell surface was measured wiTi 
flooroimmunoassay as in Fig. 7. 

■ f. 02 * 6 * eo""^*) ww subtracted from the results to monitor 
1^""^ »«■ TON to the ceU «Jftce 
^ 3 1 C incubation. The experiments were performed in triplicate and 
the results expressed as the mean ± SD ^ 

nr^^f^ 8 ^„!S5^.^ OME/FCS * on,>faiB 8 Wcarbonate in the 
^JjlT wMch u needed to reverse membrane transport in cells 

acidified by exposure to low pH. 



wi* VSy-G (Griffiths et a] , 1985). The epon sec- 
tions indicated also that two types of coated vesicles were 
still present in the acidified cells in the direct vicinity of the 
Golgi slacks and the TGN (Fig. 9). The vesicles having a 
thinner coat are probably equivalent to die nonclathrin- 
coated vesicles that were shown to contain VSV-G in purified 
Golgi fractions (Orci et al., 1986; Melancon et al., 1987) 
and some of them are associated with the rims of the Golgi 
stacks (see arrowheads in Fig. 9). The vesicles having the 
thicker coats were most likely clatnrin coated (thin arrows) 
and in some cases tangential sections of these revealed the 
polygonal structure typical of clathrin-coated vesicles (dou- 
ble arrows in Fig. 9). Clathrin-coated and nonclathrin-coated 
vesicles were also found in the nonacidified cells in approxi- 
mately equivalent amounts (not shown). 

lb test whether die inhibition of exocytic transport induced 
by the low cytosolic pH also occurred in other cell types, we 
checked the transport of VSV-G in BHK cells acidified by an 
mcubation at an external pH of 5.7 as described (Davoust et 
al. , 1987). Table I shows the quantitation of the VSV-G trans- 
ported to the surface of BHK cells infected with VSV ts 045 
and incubated at 19.5°C under the same conditions used for 
our parent and mutant cells. When the intracellular pH was 
dropped tod 2 at 31°C, the transport of VSV-G from the TGN 
to the surface was reduced during the first 40 min of 
acidification to 25% of the control at pH 7.2, and only 41% 
of the total VSV-G reached the cell surface after 80 min. 
When the intracellular pH was first dropped to 6.2 for 40 min 



and then reversed to pH 7.2 in the presence of 5% CO, the 
transport of VSV-G to the surface resumed 026% relative of 
Ae control)- In the cells incubated for 40 min in MEMb 
buffered at pH 7.4 and then for 40 min in GME/FCS in the 
presence of 5% COj, we also found a high amount of VS V- 
G at the cell surface 032% relative to the control). 

Discussion 

Metabolic inhibitors and reduction in temperature have been 
used extensively to arrest membrane transport at defined 
stages in the endocytic and exocytic pathways (reviewed in 
Melhnan et al., 1986; Griffiths and Simons, 1986; Pfefler 
a^Rothrnan, 1987). In this study, we examined the effect 
of cytoplasmic acidification on endocytosis and exocytosis 
The NaVH* antiport deficient cells can easily be acidified 
and used to study different steps of membrane transport 
These cells differ from the parent cells by a point mutation 
They are unable to regulate their intracellular pH in the 
absence of bicarbonate and their cytoplasmic pH can be 
SS^J 0 dH S- 2 in <2 min using a pulse of 20 mM 
NH4CI followed by an incubation in NKCl-free medium 
(Bwiyssejur et al. , 1984). The pan,,,, ^ are not acidified 
after the pulse of NH«C1, and they were used systematically 
ascontrol cells. We examined in these two cell lines, the 
effect of cytosolic acidification on the endocytosis and the re- 
cycling of transferrin, on the endocytosis of two fluid phase 
markera, and on the export of a membrane glycoprotein from 
the TGN to the cell surface. 

Influence of Low Intracellular pH on Endocytosis 
We showed previously that two threshold values of low ex- 
tracellular pH could block endocytosis of fluid phase and of 
P?fn» «nembraiie jroteini at two different stages, in BHK 
cells, an eflect that was pior^ly due to the eiuuiing acidifica- 
tion of dtecytosoIfJWstetal., 1987) ; Under these condi- 
tions of low intracellular pH, clatnrin formed large intracel- 
lular aggregates. We proposed that in the acidified cells, 
plasma membrane proteins and molecules present in the 
fluid phase were not delivered to the endocytic compartment 
because of a strong stabilization of clathrin-coated pits The 
same conclusion was reached in Vero or Hep-2 cells which 
were treated in Na + free medium to inhibit the NaVH* an- 
tiport and acidified by a pulse of 40 mM NH4CI followed by 
a chase of 10 min. This treatment lowered the cytoplasmic 
pH below pH 62 and blocked the uptake of HRP-labeled 
teansferrin (Sandvig et al., 1987, 1988). However, when 
using a pulse of 25 mM NH«C1 instead of 40 mM, followed 
bya chase of 30 min instead of 10 mih, the endocytosis of 
LY in the fluid phase or that of ricin-gold conjugates, which 
binds to galactose-temunating membrane glycoproteins and 
glycolipids, was not affected by the acidification of the 
cmmravmmffijpom. this finding led ! to the pro- 
posal that nonclathrin-coated pits, also called "smooth" pits 
might be responsible for the internalization of LY present in 
the fluid phase and of ricin bound to terminal galactose 
residues. Instead, we think that there was a difference in in- 
traceUular pH at the different time points considered to ana- 
lyze the uptake of transferrin, LY, and ricin, and that endocy- 
tosis resumed at the longer time points of internalization. 

In the NaVH + antiport deficient cells, we found that en- 
docytosis can be inhibited to about one-fifth of the control by 
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lowering the cytosolic pH below pH 6.8 and that endocytosis 
resumes spontaneously after 20 min of acidification when 
the intracellular pH increases above pH 6A The rates of fluid 
phase endocytosis and of '^-transferrin endocytosis from 
the clathrin-coated pits were exactly superimposable at any 
time point after the initial acidification of die mutant cells 
(Fig. 4). Therefore, cytoplasmic acidification cannot be used 
to discriminate different pathways of internalization. Using 
fluorescent phospholipid analogues implanted at the cell sur- 
face in BHK cells, we noticed that the internalization of 
phospholipids was also reduced to ~20% (Davoust, J. and 
M. Kail, manuscript in preparation). The internalization of 
transferrin occurs at a slower rate between pH 6.2 and 62 in- 
dicating that clathrin-coated vesicles are able to pinch off at 
a slower rate from the cell surface. The residual internaliza- 
tion of other surface components or of markers present in the 
fluid phase probably occurs via the same coated vesicles in 
the acidified cell. In agreement with our interpretation, re- 
cent investigations have indicated that the endocytosis of 
fluid phase and viruses were inhibited to a similar extent in 
cells loaded with anti-clathrin antibodies (Doxsey et al., 
1987). However, we cannot exclude a nonclathrin-coated 
pathway that would be inhibited at low pH or that would ac- 
count for <20% of fluid phase uptake. The inhibition of the 
recycling of t25 I-transferrin present in early endosomes indi- 
cates that cytoplasmic acidification affects membrane trans- 
port at multiple stages in the pathway. 

Influence of Low Intracellular pH on Transport from 
the TGN to the Cell Surface 

In the exocytic pathway, several transport vesicles have been 
clearly identified in close association with the Golgi stacks 
and the TGN (Griffiths et al., 1985; Griffiths and Simons, 
1986). Clathrin-coated vesicles are implicated in die exit of 
material out of this organel either to the secretory granules 
(Orci et al., 1984, 198S; Tboze and Iboze, 1986) or to the 
lysosomes (Lemansky et al., 1987). In addition to clathrin- 
coated vesicles, a new type of coated vesicle that appears not 
to contain clathrin has been recently identified in the Golgi 
complex (Orci et al., 1985; Griffiths et al., 1985). Using 
Golgi fractions purified from VSV-infected cells and primed 
with cytosol and ATP, these nonclathrin-coated vesicles were 
shown to contain VSV-G and it was proposed that these are 
the carrier vesicles responsible for the constitutive transport 
of membrane proteins through the Golgi stacks and possibly 
from the Golgi complex to the cell surface (Orci et al. , 1986; 
Melar^on et al. , 1987). This finding prompted us to study 
the transport of VSV-G from the Golgi complex to the cell 
surface. 

lb monitor die transport of VSV-G out of the Golgi com- 
plex, the cells were infected with VSV ts 045; VSV-G was 
accumulated in the RER at the nonpermissive temperature 
of 39°C and then chased to the TGN at 19.5°C as previously 
described (Griffiths et al., 1985; de Curtis et al., 1988). 
When the cells were then shifted to the permissive tempera- 
ture of 31°C, the surface appearance of VSV-G was clearly 
inhibited by cytosolic acidification for ~ 30-40 min and re- 
sumed afterwards as the cytoplasmic pH increased above pH 
7.0. This most likely corresponds to an inhibition of the bud- 
ding of die carrier vesicles from the TGN for ~20 min fol- 
lowed by a lag time of 10-20 min necessary for the transit 
of the VSV-G to the cell sur&ce. In BHK cells acidified by 



exposure to low external pH, the transport of VSV-G from 
the TGN to the cell surface was also arrested at low cytoplas- 
mic pH and resumed in the presence of a bicarbonate con- 
taining medium buffered at pH 7.4. 

At the ultrastructural level, VSV-G labeled with im- 
munogold particles on cryosections was clearly associated 
with a membranous network located in close apposition to 
Golgi stacks in the mutant cells acidified for 30 min* From 
its morphology, this intracellular compartment, which re- 
tains VSVG in die acidified cells, is very likely to be the 
equivalent of the TGN, which has been characterized in de- 
tails in other cell types (reviewed in Griffiths and Simons, 

1986) . Furthermore the epon sections revealed the presence 
of two distinct types of coated vesicles in the Golgi region 
of die cell. The vesicles having thick and irregular coats are 
most probably clathrin-coated vesicles whereas, the vesicles 
having a thinner and more regular coat are often found at the 
rim of Golgi stacks. This second type erf coated vesicles is 
certainly die equivalent of the nonclathrin-coated vesicles 
that were recently shown to contain VSV-G in Golgi fractions 
primed for transport (Orci et al., 1986; Melanin et al., 

1987) . Since VSV-G was retained in Golgi membranes it is 
likely that die low cytosolic pH inhibits the formation of car- 
rier vesicles involved in the transport of VSV-G from the 
TGN to the cell sur&ce. 

Hie VSV-G from die ts 045 mutant can also be used to 
monitor the transport from RER to Golgi complex by shift- 
ing the infected cells from 39 to 31°C. However, we were not 
able to acidify properly our mutant cells with the NH*C1 
technique during this shift from a bicarbonate-containing 
medium at 39°C to a bicarbonate-free medium at 31°C In 
preliminary experiments, we used BHK cells exposed to an 
external pH of 5.7 at 31°C and we assayed the appearance of 
a high molecular weight form of the VSV-G due presumably 
to sialylation indie TGN (de Curtis et al., 1988). This shift 
in molecular weight of VSV-G was inhibited at low pH and 
resumed when returning the cells to neutral pH in a bicar- 
bonate-containing medium as for the transport from the TGN 
to the cell sur&ce. In all likelihood several processes of 
membrane budding and transport distributed in the endocytic 
and exocytic pathways are sensitive to cytoplasmic acidifica- 
tion. However, they might be sensitive to different threshold 
values of pH beyond the effective resolution of 0.2-0.4 pH 
unit achieved in our kinetic analysis of membrane transport 
in the Na + /H+ antiport deficient cells. Further experiments 
are needed to determine the extent of the inhibition of trans- 
port from RER to Golgi complex. 

In summary the results obtained from the Na + /H + anti- 
port deficient cells indicate that cytosolic acidification below 
pH &8 can inhibit membrane transport in both the endocytic 
and exocytic directions. The intracellular pH is without doubt 
an important parameter for cellular functions and membrane 
traffic is sensitive to defined threshold values of low pH. This 
can provide new experimental conditions to arrest transiently 
the export of secretory protein without changing the temper- 
ature or the composition of die cell medium. Physiological 
variations of intracellular pH induced fay externally applied 
growth factors (Fouyssggur et al., 1982; Moolenar et al., 
1983; Paris and Fouyss^gur, 1984) or neurotransmitters 
(Kaila and Afoipo, 1987) could also modulate membrane 
traffic in specialized cells. For example, GABA can cause a 
drop in postsynaptic pH and it has been proposed that this 
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•««*t nlav a role in the inhibition of postsynaptic functions 
o£L P aS ^987). Our results sugg^ that cytoph*- 
SfiScation could control the efficacy of synaptic trans- 
SsstanSmestiiig the formation or the release of synaptic 
FuttueSSies will need to focus on the mechanism 
TShkh SS-S acidification affect the budding of the 
cLSS and nonclathrin^ated vesicles involved in 
endocytic and exocytic processes. 

WeTTto^ Rachel Wainwrigbt for typing this manuscnpt with patience 
and skill. 

Received for publication 31 March 1988, and in revised form 7 September 
1988. 
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pH REGULATION 



EXHIBIT 5 



WINTER 2001 



REGULATION OF ORGANELLE ACIDITY 



Introduction 

Intracellular compartments are largely defined 
by their lumenal pH. Regulation of organelle 
acidity is a vital aspect of cellular homeostasis. 

This lesson will show how to: 

• Import predefined functions 

• Import and fit experimental data 

Additionally, we will explore in greater detail the 
mechanisms of ion transport. 



^V-ATPase 




A two compartment model 



Figure 1. Typical organelle pH values. 



Biological Background 

Acidity must be tightly regulated to sustain life. Blood pH is typically 7.4 pH units; when this value 
falls to just 7.2 severe acidosis ensues, and massive system failure follows and, if not treated , will result 
in death. Treatment involves the addition of buffer solutions to 
the blood. All cellular compartments maintain a distinctive pH 
that is essential to their function (see Figure 1); For example, 
lysosomes have pH ~ 5.0, in order to degrade harmful 
substances. The acidification of endosomes as they mature 
from early to late stages is required for the dissociation of 
receptors and ligands so that receptors can be recycled to the 
cell surface. A comprehensive understanding of how cellular 
organelles maintain their pH does not exist. As we will see, 
modeling can be a useful tool for interpreting experimental 
data 

Figure 2. Key pH regulatory elements. 

1 = V-ATPases, 2= proton leaks, 3 = K + leaks, 4 = lumenal buffering. 
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The principle components of organeller pH regulation are listed in Figure 2. It is believed that the 
competition between the proton pumping V-ATPase, (item #1), and channel mediated proton leaking, 
(item #2), determines the steady state pH of many organelles. In crudest terms, this is like trying to file 
up a swimming pool with a bunch of holes in it. The pool will fill until the input hose is overpowered 
by the leaks. The case of ion transport is complicated by other factors. The lumen of the organelle 
buffers many of the protons that are pumped from the cytoplasm,( item #4). Additionally, as positive 
protons move across the organelle membrane a membrane potential builds up. This membrane potential 
is offset by the counter-movement of ions like potassium, (item #3). All of these effects can be 
combined into a coherent model. 

Mathematical Description 

The V-ATPase proton pump acidifies organelles 

The hydrolysis of ATP provides the energy for pumping protons against their concentration gradient. 
For our purposes, we require the average pumping rate of a single V-ATPase as a function of 

membrane potential and pH gradient, J(ApH, A*F). This function is defined numerically in the file 
VATPASE; it has been computed from another more complicated model. 

THE PASSIVE LEAK OF IONS DEPENDS UPON CONCENTRATION AND MEMBRANE POTENTIAL 

Intact bilayers are somewhat permeable to protons, but impermeable to other ions. Ion-specific channels 
allow an organelle to equilibrate specific ions between the lumen and cytoplasm. Movement of these 
ions through the channel is driven by the transmembrane concentration difference and the membrane 
potential. The simplest model for the diffusion flux of ions in the presence of a membrane potential can 
be described by 



where P is the permeability of the membrane to each ion, S is the surface area of the compartment, C 
refers to cytoplasmic concentrations, L refers to lumenal concentrations, and U is the reduced 

membrane potential, U = W/(RT). F is Faraday's constant, R is the gas constant, and T is absolute 
temperature. The value of F/(RT) at room temperature is given in Table 2. 




(1) 



2 



Protons become buffered after they cross the membrane 

Cellular spaces are sponges for protons and other ions. Proteins and molecules are constantly binding 
and releasing ions from solution. The buffering capacity, P (units: [mol/pH]), measures the ability of the 

lumenal matrix is to bind protons. When protons cross the lipid bilayer a certain fraction of them are 
immediately bound and do not contribute to the pH. The change in proton concentration of the lumen 
and the change in pH are given by: 



In general, spaces have different buffering capacities at different pH values, but we will assume that the 
buffering power is a fixed constant. For measured values see Table 1. 

ACCUMULATED CHARGE AS A MODEL FOR MEMBRANE POTENTIAL 

The membrane potential affects the flow of ions across lipid membranes and biases the distributions of 
those ions at steady state. Electroneutrality requires every small volume be electrically neutral. The 
membrane potential arises from the microscopic deviation from electroneutrality at a lipid boundary. 
We use an explicit form for the membrane potential across the bilayer in terms of the excess charge 
inside the organelle. This treatment is very similar to the treatment of the membrane potential in the 
axon models. We assume that the net charge localizes to the lumenal leaflet, so that we can treat the 
membrane as a parallel plate capacitor. The potential drop across the bilayer is then written as: 



where A is the surface area of the membrane, C 0 is the capacitance per unit area of the membrane (C 0 - A 

is the total capacitance of the membrane), V is the volume of the organelle, and the numbered terms 
giving the concentrations of charged particles are: 

1 . Total concentration of potassium ions. 

2. Total amount of buffered and free protons in the lumen, p is the buffering capacity. We assume 

that protons do not contribute to the membrane potential when the lumenal pH is equal to the 
cytoplasmic pH. 

3. Molar concentration of all impermeant charges. This term primarily represents fixed negative 
protein charges trapped in the lumen. 



A[H + ]=-pApH 



(2) 




(3) 



3 



Despite the complexity of this system, it is only a two-tank model. In the next section we will construct 

TM 

this model in Berkeley Madonna . 

Assembling the model 

Pure proton and potassium leak 

Using the equations window, we begin by writing down differential equations for H and K, the lumenal 
proton and potassium concentrations, respectively. At this point, only include the passive leak for each 
time dependent variable (see equation (1)). In general, reservoirs should represent numbers of things. 
Let H and K be moles/liter (molarity). (Always check the units of terms!) Specifically, we use liters and 

3 

centimeters (1000 cm = 1 liter). Use the function pH = -loglO(H) to represent the pH. 

TECHNICAL NOTE. Often we encounter equations such as y = x/x that we want to evaluate when the 
denominator is equal to zero. In this case, the answer is 1 but if we ask the computer to evaluate this it 
will return a divide by zero error. Computers do not take limits easily. Equation (1) exhibits this 
problem when the membrane potential is equal to zero. The easiest way to handle this problem is to 
rewrite the equation in an equivalent form at the troubled areas. For equation 1, we use the form: 

t/-([H + l L -[H + ] c -e' u ) 

Ph'S 1 JL ,u ° 1 for -.01> U> .01 

x * — ■ e 

„ o ([H + ] L -[H + ] c e- u ) (4) 
P H -S-* r j % ' for -.01 < U< .01 

1-— +— 
2 6 

TM 

Use the IF statement in Berkeley Madonna to implement this form of the leak term for the protons 
and the potassium. 

Use the numbers for the Golgi from Table 1 and let, *F (Psi), equal zero to answer the following 
questions. 

1 . Start off with the lumenal pH = 5.4 and watch the proton concentration decrease until it is the 
same as the cytoplasmic value. It might be easiest to determine this by actually looking at the 
pH's. What is the time constant for the proton movement (use the plot of concentration, not the 
pH)? 

2. Start off with the lumenal K + concentration at 20 mM. What is the time constant for this 
movement? The ratio of time constants is related to the ratio of permeabilities. When the model 



^Hleak 
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reaches steady state, if the lumenal and cytoplasmic quantities are not equal then the channels 
are not being treated properly. 

Accounting for proton buffering 

Use ApH = -1/|3-A[H + ] to rewrite the differential equation for the proton concentration. Now make the 
proton concentration a function just as we made pH a function above. 

3. Compare the time constants for the lumenal proton concentration when the buffering is 0.01 , 
0.02, and 0.04 M. Notice that the proton movement is extremely slow now. Additionally, the 
change in pH is proportional to the proton concentration not the pH. Therefore, the solution is 
not an exponential and the time constant depends upon the initial values. 

Couple in the membrane potential 

So far the leak terms should be well behaved. When we add in the membrane potential, which couples 
the ion flows, we might find that our equations are not quite right. Expect problems here. Represent the 
membrane potential as in equation (3). Let the Donnen particle concentration, B = 0.1 M. We must 
enforce electroneutrality at the start of the simulation. We do this with the initial potassium 

concentration. Set INIT K = B-|i-(pH_c-pH). Explore the model and once you are convinced that it is 
giving reasonable results continue. 

Add in proton pumping 

Select Data Sets and import the function VATPASE as a 2-D matrix. We can set the pump rate equal to 
this function by defining it like this: 

J pump =N_pump*#VATPASE(psi jP H) (5) 
This function returns the number of protons per second per pump. What factors must this function be 
multiplied by in order to be used in the differential equation for pH? Write the correct form of the 
equation into your model. You must define a new parameter, N_pumps = number of pumps on the 
organelle membrane. Once the entire model is complete move on to the case studies. 

NOTE: Predefined numerical functions are only defined over a certain domain. If during a simulation 
your variables extend beyond this domain the predefined function will not give the correct results. 
VATPASE is defined for 4.0 < pH < 7.6 and -80 mV < ¥ < 260 mV. 
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Case 1. Endosomal acidification 



Endosomes have been extracted from cells and are bathing in a 7.4 pH solution with 140 mM K + . The 

V-ATPase proton pumps are not working because the solution lacks ATP. The pH of the endosome is 
measured using pH sensitive dyes. At time=37 seconds, ATP is reintroduced to the bathing solution 
and the endosomes begins to acidify from pH 7.4. Load the file MVBJ74 into your model (this is the 
acidification data). 

4. Using the endosome (MVB) parameters from Table 1 determine the number of V-ATPase 
pumps and the proton permeability by fitting the model pH to the experimental data. Using the 
fact that the endosomal pH = 7.4 in the absence of any proton pumping, determine the 
concentration of donnan particles. 

Case 2. Membrane leakiness 

We want to determine the proton permeability of the Golgi and secretory granule. We have provided 
you with two data sets each containing five experiments: 

Data Set #1 - [SG_1; SG_2; SG_3; SG_4; SG_5] 

Data Set #2 - [GolgLl; Golgi_2; Golgi_3; Golgi__4; Golgi_5] 

Load this data into your program. In each of these experiments, intact cells have been loaded with pH 
fluorescent dyes that localize to specific organelles in the cell. The pH of the organelle can then be 
measured by recording the light emitted from the cell. At time zero, the cell was washed with a drug, 
bafilomycin, that inhibits the proton pump so that the organelles can no longer maintain their acidity, 
and they begin to alkalinize. This can be seen in the data sets. 

5. For each experimental curve, begin with the initial pH near the pH of the first data point. Fit the 
model to the data using the curve fit procedure. Allow the program to adjust the proton 
permeability and the donnan particle concentration, B. Record the best-fit proton permeability. 
Remember that the proton pumps have been "turned off" experimentally. This means that 
N_pump=0 in your model. Repeat this for all the data sets and compute the mean and standard 
deviation for each organelle. Do these experiments show a noticeable difference in the bilayer 
leakiness between the Golgi and secretory granule? 

NOTE: Remember to use the correct parameters from Table 1 when analyzing different organelles. 
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Tables 



Parameter 


Golgi 


Secretory Granule 


Endosome (MVB) 


2 

Surface Area [cm ] 


5.14 xlO' 6 


1.26 xlO' 9 


1.36 xlO' 8 


Volume [L] 


2.6 xlO" 14 


4.2 xlO" 18 


1.5 xlO" 16 


Potassium permeability [cm/s] 


1 xlO" 5 


1 xlO" 5 


1 xlO" 5 


Buffering capacity [M/pH] 


0.026 


0.02 


0.04 



Table 1. Typical values for Golgi, secretory granules, and endosomes. 



Parameter 


Value 


Cytoplasmic pH 


7.4 


Cytoplasmic potassium [M] 


0.140 


Membrane capacitance [kF/cm 2 ] 


1 xlO" 9 


Faraday's Constant [moles/Coulomb] 


96,480 


Avegadro's Number [molecules/mole] 


6.02 xlO 23 


F/(RT) [mV l ] 


(25.69)" 1 



Table 2. Constants and typical variables. 
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Abstract . The scope of a galactosylation procedure with five immobilized 
enzymes has been examined with oligosaccharides bearing terminal * non- 
reducing eGlcNAc residues. Tri-, penta- and hexasaccha rides related to 
glycolipids or glycoproteins have been prepared. Cytidine monophosphate 
was converted to the triphosphate with phosphoenol pyruvate* ATP 
(catalytic) and two immobilized enzymes * and utilized in a synthesis of 
CMPNeuSAc with an immobilized synthetase* Acylneuraminate pyruvate-lyase 
immobilized on agarose gave a gel which catalysed the synthesis of 
representative sialic acids from pyruvate and mannosamine derivatives* 



INTRODUCTION 



Glycosidat ion with glycosyl nucleotides and the highly specific 
glycosyltransferases is a very common biochemical practice* which has been 
applied to free oligosaccharides, glycocon jugates, and even whole cells, and 
would dispense the organic chemist from the tedious protection - deprotection 
strategy* However* its very low scale - from the nano- to the micromole - is a 
major drawback* Enzymes and glycosyl nucleotides are costly reagents* not 
easily recoverable. This may reflect only temporary economic conditions* but 
there is a more fundamental problem: the stoichiometric use of a glycosyl 
nucleotides accumulates in the medium the corresponding nucleotide, which may 
be inhibitory to the transferase at mN concentrations (Ref* 1). The now 
classical solution to these problems is to attach the enzyme to a suitable 
insoluble polymer which is used as an aqueous suspension. When the reaction is 
finished* the enzyme is separated from the products by filtration* and may be 
used again many times in favourable circumstances. Only catalytic quantities 
of glycosyl nucleotides are necessary* as they are constantly regenerated in 
the medium by the interplay of appropriate substrates with other enzymes* also 
present in the immobilized state. 

The objection may be raised that many useful glycosyltransferases are poorly 
available* being found only in mammals* sometimes indeed only in human blood or 
milk. The presently rapidly developing cloning techniques may soon put an end 
to these shortages* so that it seems strongly advisable that organic chemists' 
being at once to train themselves in the manipulation of these new reagents* 
which may be on the market in a not too distant future. 

The transferase properties of the Escherichia coll s-galactosidase have been 
used for the synthesis of a disaccharide (Ref. 2). The immobilised a- 
galactosidase* acting on a mixture of lactose and N-acetylglucosamine* gave a 
mixture of products which contained 20% BGalp-(l*6)-GlcNAc. In view of the 
very low price of most sin.ple sugars* the use of such glycosidases for 
disaccharide synthesis should be considered* especially for the preparation of 
starting material, whenever the product is not too difficult to separate from 
the reaction mixture on tre 10*100 mmol scale. For later steps* the 
association of a specific transferase with the enzymes of glycosyl nucleotides 
regeneration appears more useful. We shall first describe the syntheses of 
oligosaccharides related to the Ii system of blood groups with the enzymes of 
the Leloir pathway* a method first used for a synthesis of lactosamine (Ref. 
3). 

We shall next discuss problems of sialylation : the syntheses of CTP and 
CMPNeuSAc, and the high scale preparations of sialic acids* 
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GALACTOSYLATIONS WITH /V-ACETYLGLUCOSAMINE p- (1 - 4> 
GALACTOSYLTRANSFERASE 

The galactosylation cycle is shown in Scheme 1. The transfer of e-l>-galacto- 
pyranosyl unit from uridine diphosphate galactose to the 0-4 Position of a 
terminal, non-reducing residue of B -N-acetylglucosa«ine, catalysed by 
transferase I, releases an equimolecular quantity of uridine diphosphate. This 
is enzymatically phosphor y la ted to uridine triphosphate by phosphoenolpyruvate 
in the presence of pyruvate kinase II. Another specific transferase. III, 
catalyses the synthesis of the glycosyl nucleotides, uridine diphosphate 
glucose, from uridine triphosphate and o-D-glucose 1-phosphate. This is a 
reversible reaction which must be displaced in the synthetic direction by the 
destruction of its other product, pyrophosphate, which is hydrolysed to 
inorganic phosphate with the help of pyrophosphatase IV. The la 3 1 step is the 
conversion of uridine diphosphate glucose to uridine diphosphate galactose, 
catalysed by epimerase V. Broadly speaking, the system must be fed with 
a-D-glucose 1-phosphate and the "source of energy" (phosphoenolpyruvate) and 
releases inorganic phosphate and pyruvate as by-products. 




Glucose 
1 -phosphate 



pyruvate PEP 

Scheme 1. The B-D-galactopyranosylatien cycle.- Complete system (final 
concen trations, mM) : oligosaccharide substrate (6.7); a-D-glucose i-PjJfsP^* 
(7) j phosphoenolpyruvate, PEP (7)» UDP-glucose 10.17) i «AD . U>? "nf 1 * < 2 > ; 
MgCU (4); KC1 (70): di thiothrel tol (10); NaN 3 (1.5). The pH is adjusted" to 8 , 
and \he immobilised enzymes are added : I, «-D-galactosyltransCerase (E.C. 
2,4.1.22) (3.8 0)j II, pyruvate kinase (E.C 2.7.1.40 (34 U); III, UDP-glucose 
pyrophosphatase (E.C.2.7.7.9) (5 0); IV, inorganic pyrophosphatase 
(E.C.3.6.1.1) (25 U); V, ODP-galactose 4-epjmerase (E.C. 5.1.3.2) (3.7 U). 
Final volume 100 mL. Temperature t 30 # C 

Enzymes I-V are commercially available; enzymes II, III and IV are relatively 
inexpensive. Nevertheless, we preferred to prepare galactosyltransf erase in 
our laboratory. For this, the only necessary addition to the usual equipment 
of the organic chemistry laboratory was a refrigerated centrifuge. Our 
experience is that the carbohydrate chemist, trained to work with water-soluble 
substances, needs no extensive practical knowledge in enzymologyto concentrate 
180 U of this enxyme from 2 L of cow colostrum (Ref. 1). The five enzymes are 
immobilized separately as already described (Ref. 4 and 5). The nature of the 
suoDort does not appear to be critical (see, for example, Ref. 3). The agarose 
gel^are suspended in water, and the pH is maintained at its optimum value, 




few days - - _ - _ - 

has stopped, the product is separated from the gels, which can generally be 
utilized again, either on the same substrate or another one. The 
oligosaccharide is recovered from its solution by ion-exchange de-ionization 
followed by f reeze-drying. Starting material, if still present, is removed by 
siUca gel column chromatography. The reaction may slow down at 70% 
completion. The reason is the accumulation of an ionic inhibitor, maybe 
phosphate. In such a case, the solution separated from the gel is deionized, 
and mixed again with the same gel, and, of course, a fresh batch of ionic 
cof actors. 
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Oligosaccharides 1, 2, 4, 5 and 6 were prepared by mixed-type synthesis* 
enzymatic galactolylation being the last step in an otherwise traditional 
sequence (Ref. 6, 7, 8 and 9). The identification of 1, 2 and 5 rests on the 
comparison of their properties, especially the NMR spectra, with those of 
samples already prepared in our laboratory by classical means (Ref. 8 and 
10). Trisaccharide 1 was first recognized as the epitope of one of the I- 
antigens in man, I (Ma); but it is likely that it has a more fundamental 
significance, the I(Ma) antigen being expressed on mouse embryos from the 
single cell stage until after the sixth day of development (Ref. 11). 
Trisaccharide 2 is a fragment of the main chain of glycolipids. The free 
hexasaccharide "corresponding to glycoside 5 is a trace component of human milk 
(5 mg/L) (Ref. 12). 

Galactosylation of the branched trisaccharide-glycoside 3 raised an interesting 
problem. In principle, there are two reactive positions, one on each terminal 
non-reducing e-N-acetylglucosamine residue. The residue linked to the primary 
position of galactose appears to be more reactive (but only marginally more) 
than the other one, as was shown in delicate kinetic experiments from the group 
of Van den Eijnden, with the soluble enzyme (Ref. 13). Moreover, the reaction 
of 3 (1 umol) with excess uridine diphosphate galactose (4 umol) and soluble 
transferase (0.1 0), afforded hexasaccharide 5 (Ref. 14). On the other hand, 
our immobilized enzyme system in the presence of one equivalent each of •-£>- 
glucose 1-phosphate and phosphoenolpyruvate gave only traces of hexasaccharide 
5, even after 6 days. The only product which was practically obtained was a 
pentasaccharide. The two-dimensional COSY l H NMR spectrum of the derived 
peracetate could be interpreted in a completely consistent manner. Assignment 
of chemical shifts to each of the 35 ring protons showed that, on the ftClcNAc 
residue linked to position 3 of galactose, proton H-4 was geminal to an acetoxy 
group, and In consequence, this residue was not galactosylated. This was 
confirmed by the comparison on the rappm scale of the chemical shifts of the 
anomeric protons of the pentasaccharide with those of tetrasaccharide 3 and 
hexasaccharide 5, already interpreted in our laboratory (Ref. 3). Thus, this 
pentasaccharide 4 was obtained with a selectivity probably unattainable by any 
current method of organic chemistry. Doubling the proportion of reagents 
changed nothing. Hexasaccharide 5 could only be prepared - in modest yield - 
with long reaction times and addition of fresh enzymes. 
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NeuSAc 



v 




QUI 
CTP 



CMPNeuSAc 



Pyruvate 



? CDP 

'3C 



PEP 



CMP 



PEP, 




Pyruvate 



Scheme 2. Preparation of cytidine monophosphate N-acetylneuraminic acid from 

v CMP|;^ah^:Mfacetylneu rami nic , ac id >^^ Synthesi3 ^ ot^CTP^;^to^ t he % immobi 1 i zed 

eni^sj^v^ln^^ 

kinase (10 0) V suspended - i ri Tir i s bu f re r ( e it her 50 mM i pH 9 , or 100 mJt, pa 7) ■ 
(IS mL) were added to the final concentrations given <mM), CMP (Ha salt, 13.3): 
PEP (R sal t r , t 27) ^ ^ ATP^ ; ( Ha;- sa It »^1 . 3 ), MgCl? (4): KC1 (50); thymol (1): 
Temr^ratorelipTSC^ 

sy n^tasgft m* 
mercaptoethanol were added , to the final concentrations given (mM), CTP (13); 
NeuSAc (3.3); MgCl 2 (4); NnCl 2 (6.25); thymol (1). Temperature 37*C. 



As the optimum pH of the synthetase is 9 in the presence of Mg + * ions, and that 
of sialyltransferase is in the vicinity of 7, any attempt to make them work 
together in the same vessel would be hopeless* Fortunately, Higa and Paulson, 
looking for suitable conditions to activate the alkali-labile acetates of N- 
acetylneuraminic acid, with the same enzyme in the soluble state* made the very 
pertinent observation' that replacement of Mg + * ions lowers the_optimum pH to 7> 
with only 30% loss of activity »( Ref., ^ 
axe. np^pjb^ncqm^ 

tfie^synt CMP ( 20 mJ"i) ^ In any case , we des i red to 

avoid "conditions which might slow down reaction 2, as CMPNeuSAc is reported not 
to be very stable in the medium (we have .not noticed any degradation at pR 7 
for 48 h). Thus the synthesis of CMPNeuSAc is a two-step reaction, where every 
component is readily available except the synthetase. Higa and Paulson 
reported the extraction of 63 U from three calf brains, maybe in very 
favourable conditions. In principle , this would allow the preparation of 1.3 g 
of CMPNeuAc with our system, which could be utilised again. 

In a very recent report (Ref . 25) describing the preparation of a collection of 
sialosides in the range of 10*20 umol with soluble transferases, the authors 
stress the fact that the availability of CMPNeuSAc might be a limiting factor 
in such approaches. 

We are currently working on the Immobilization of sialyltransferase from cow 
colostrum. 



SYNTHESES OF SIALIC ACIDS 

A list of natural sialic acids may be found in Schauer*s review in 1982 (Ref. 
21). Most are esters, primarily acetates, of the alcoholic functions at 
positions 4, 7, 8 and 9 of N-acetyl- or N-glycolylneuraminlc acid. N- 
Acetylneuraminic acid itself, which has been obtained by synthesis (Ref. 26) or 
extraction from the urine of patients suffering from some rare diseases, is not 
a very accessible compound. All its congeners have been obtained by extraction 
from natural sources, for example, the submaxillary mucin of some domestic 
mammals (Ref. 22); they are even less easily available, but at least as 
important from the physiological point of view. 






| r ^HSS^iffl#* tsk^iTTinltySTor , the a 9^acetyJ^ der i vat *ve \( . 00 iBM)5 or? the 7-^acety^^,,^ i 

). ;' Aga ins t \ t he "use Jbf t h is enzyme ir^ther- object ion|^j^^^: ; ■ 




glycoIyiiMM 




>ca^ Axtdation ,dfi ttog£ugar, : 

fei»t6i|R^eViv1^l ve^fc pract icaliyff quant itati vei|i ngmi lo^^ndi t ipns^^ 

r MnnosM^ the ether solujt ion after 

Lf rerebvalTbf - Inorgari^ 3) . The;: f unction of 

' ■ .iSth'isl^arai^ 
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CHO 




CHjOCOCHOHCH* 
12 

Scheme 4. a) BujSnO-benzene; b) CHj-CHOBn-COCl ; c) Pd-H 2 . 



CHO 




Scheme 5. Preparation of sialic acids.- Complete systea : To the imobilised 
acylneuraminate-pyruvate lyase (E.C.4. 1 .3.3) (2.7 0) suspended in 50 mM 
phosphate buffer, pR 7.2 (36 mL), were added , to the final concentrations given 
(mM) : the N-acyl-mannosamine substrate (100); Na pyruvate (1000); 
dithiothreitol (T); NaN 3 (1.5). Temperature 37 # C. 



Commercial aldolase was immobilized on agarose, with a 51% yield of enzymatic 
activity, to give a gel with a specific activity of 1.25 U/mL. The conditions 
of the reactions are summarized in Scheme 5. We may note as a general comment 
that these synthetic pathways are completely unphysiological. The aldolase we 
use has only catabolic functions in cells. In nature, N-acetylneuraminic acid 
is built from phosphorylated precursors, and modifications only happen later 
on, by enzymatic oxidation of the N-acetyl to the N-glycolyl group, or 
enzymatic esterif ication. 

N- Acetyl neu ram i n i c acid (14, R 1= CH3, R 2 =H). 

With our enzymatic technique, it is not necessary to start from the costly pure 
N-acetylmannosaraine. N-Acetylglucosaraine is first epimerized in alkaline 
medium. Excess N-acetylglucosamine is then removed by one crystallization froa 
the equilibrium mixture; and the enriched mother-liquor, with a 1:1 P-qluco/P- 
manno ratio, is directly treated with aldolase. Only the P -aanno configuration 
TI — recognized by the enzyme, and the D- qluco epimer is not inhibitory. 
Furthermore, the carboxylic acid function of the product allows an easy 
separation from the unchanged neutral sugars in the medium. The yield is 1 
mmol of N-acetylneuraminic acid per enzymatic unit (Ref. 34). 

•* 

N- qlycolylneuraminic acid (14, R* « CH 2 OH, K = H). 

This acid, apparent ly~abTent in man, is very common in other mammals, up to 90% 
of the sialic acids fraction in some tissues. The mixture obtained by the 
alkaline epimerization of N-glycolylglucosamine may also be used in the 
enzymatic synthesis. 

9-O- Acetyl -N- acetvlneuraminic acid (14, R l * CH,, R 2 - Ac). 

This is an ester of common occurrence (Ref. 35). Interestingly, according to 
some recent reports, a N-acetyl-9-O-acetyl-neuraminic acid residue is present 
in the antigenic epitope~of a ganglToside found in the developing rat embryonic 
neuroectoderm and in human melanoma cells recognized by a monoclonal antibody, 
Mab Dl-1, prepared against the rat B49 cell lines (Ref. 36, 37). 

9-O-Lactvl-N- acetylneuramlnlc acid (V4, R 1 » CH3, R 2 » CH3CHOHCO) . 
The presence of the L-lactyF" oTiastereoisomer in natural sources has been 
mentioned several times. The DL-lactic acid ester of N-acetylmannosamine 12 
was found to be a substrate of the aldolase. However, the corresponding sialic 
acid was readily hydrolyzed at pH 7.? during the enzymatic reaction, so that 
the product was contaminated with about 30% of N-acetylneuraminic acid. 
Partial resolution could be achieved with the reported chromatographic systems 
(Ref. 38). Its ready hydrolysis at pH 7.2 during the enzymatic reaction is a 
cause of low yield. 
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S"""^ «»*« * *P*o«JZ&2%Z£ 

To illustrate enzyme immobilization on agarose we have m lmm ,i u ~ 

SSI?* 

CMP-Neu5Ac synthetase was.detennined by the WidbSSSSSS!' 

WiWMiiCt.Tliei^wa.exfiac^i^wiftTriionX.IM.aiid.aA 
(17) EL. bunds. Ite«n»i MM^Empnl. 
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CHgOH 

S R-OH 

•R-NHCOOHjpH 

* *-NHCOCH,OAc 

• R-N, 

9R = Ph 



OH 




ID R«H 
11 R-OH 

J2 R-NHCOCH s OH 

13 R=NHCOCHjOAc 

14 R.N, 

15 R-J>b 




M R 1 »H,R* «Ac 

W R* - H. R*-f3MeCH0HCO 

19 R 1 aH,R a >Me 



^nnc« reduced at 04 (24). or truncated to tMyxcwe (giving 251 

<^cA^r^<M 

2440. y W Tetrahedron Lett^ 26(1985) 2439- 

2220. ^ * no u °«»™^ r^mrtwftwi Utt., 30(1989) 2217- 

201 .214. ^* M ^*» l >^M<»e^JW«««ft > » l 
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ultlt2ed (see Scheme 16). Acetyl phosphate is a chemical very easily pre- 
pared, either in ethyl acetate 64 or water* 5 solution. Transfer of phosphate to 
ADP occurs in the presence of acetate kinase, found in E. coli. However, 
because of the relative instability of acetyl phosphate in water, it must be 
added gradually to the vessel in case of long incubation periods. It appears to 
have been abandoned in favor of cnolpyruvate phosphate, which is more 
stable in water solution, despite a more-complex synthesis." The enzyme 
associated with enolpyru vate phosphate is the widespread pyruvate kinase, 
which is one of the key glycolysis enzymes. 

d. Preparatwn of Pentose Phosphates with Systems of More than Two 
Enzymes.— Scheme 16 indicates that phosphorylating systems are essen- 
tially two-enzyme systems, a substrate-specific kinase, and a kinase for ATP 
regeneration. However, other enzymes may be associated to the kinases in 
the same vessel, either for the in situ preparation of substrate, or the further 
processing of product In the preparation of ribulose (D-eryrWpentuIose) 
U-diphosphate, the substrate of the phosphorylation enzyme, namely, ri- 
boiose 5-phosphate, is obtained by the oxidative decarboxylation of D-glu- 
conic acid 6-phosphate with coenzyme NAD(P) as oxidant, and evolution of 
CQj. The reduced coenzyme NADH(P) is oxidized back to NAD(P) with 
2-ketoghitarate in the presence of NH,, which is converted into glutamate, 
and is the final oxidant. The successful operation of this system demon- 
strated the possibility of preparing compounds on the mole scale with four 
immobilized enzymes.* 7 

Alternatively, "ribulose" (D-trythro-peaivUxe) 5-phosphate maybe iso- 
merized to ribose 5-phosphate with pentose phosphate isomerase, but the 
same isomerase will convert D-ribose 5-phosphate into D-erythm-penlulose 
5-phosphate, the equilibrium being displaced by phosphorylation to the 
diphosphate (involving three enzyme systems). 

3. Nucleotides 

Phosphorolysis of ribonucleic acid with polynucleotide phosphoryiase 
gives a mixture of the diphosphates of the four common nucleosides, which 
are transformed into triphosphates with enolpyru vate phosphate and pyru- 
vate kinase. This mixture may be used as such as a source of uridine triphos- 
phate in the preparation of the nudeotide-sugar uridine 5 r -(a-o-glucopy- 
ranosyl diphosphate) ("uridme-diphosphate-glucose," UDP-GIc), or as a 

(65) R. J. KazfMskas and G. M. Whitcsidet,/ Org. Ob, 50 (1985) 1069- 1076. 

(66) a L tfinchbds, F. P. Mazeaod, sod a M. Whitoides, / Org. Oient, 47 (1982) 3765- 
5766. 

(67) C H. Wong, S. D. McQtny, and G. At Whitoides, / Am. Otem. S<x* 102 (1980) 
7939 -794a 
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source of ATP in the preparation of glucose phosphate" In thesame way, 
the enzyme hydrolysis of deoxyribonucleic add gives deoxyadenosine 
monophosphate, which can be phosphoiylated to deoxyadenosine triphos- 
phate. In the latter synthesis, the double phosphorylation is catalyzed by 
pyruvate and adenylate kinase, the phosphate donor being eoolpyruvate 
phosphate.* A three-enzyme system, namely, adenosine kinase, adenylate 
bnase^andacetokin^ 

rts most valuable tnphosphate, ATP, with acetyl phosphate as the phosphate 

Cytidinetriphosphateis necessary totteacUvalibnofiv^tylneunininic 
acid (see Section V, J). Its preparation*" is given in Schme 17 ThTno? 



CTP 

Pyruvate 



Enolpyiuvate phosphate ■ 

CMP 

Cnolpyrovate phosphate 



P»«vate< 

^ Schema 17.— Emyraic Reparation of CTP. 

!^^S!^IL^^^S^f^?? i<, ^!^ w^nophMpliaCe COlWfF) is pbo^AKKylated to its 
dyJtosphate <OTP) in the prince of immobilized nucleoside^oHophos- 
phat e kinase. The phosphate donor is ATP, which is regenerated with enol- 
pyrophosphate and immobilized pyruvate kinase. Conversion of CDP 
into CTP must also be catalyzed by the same system, that is enotpymvate 
Phospha^and pynivat^ kinase, and this creates a small proMem/for this 

^7^.^^ ° i,yforCDP < K « ncar5 mAO than for ADP(K 
01/^andsohmustbeadde^^^ 

andenolpyruvatephosphate, together with catalyticarawintsofATP.gavea 

m 3M-X6 t * in ' ° Adabfdnn00 ' * a J<*m.Chrm.Soc„ 100(1978) 
169) C. AugiaadCCautheron, Tetrahedron Lett* 29(1988) 789-790. 
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V.2. This is not the case with cytidinc monophosphate Maoctylneura.minic 
acid (49) (sec Scheme 18). fhc aclivalcd form of AZ-acetylncuraminic acid for 
sialosidc synthesis, as no siafylation cycle has so Tar been achieved, and thus 
this precursor must be added to the system in stoichiometric quantity. Thus, 
the availability of 49 is still the limiting factor in the large-scale synthesis of 
sialosides. 

Free, unphosphorylated /V-acetylncuraminic acid is directly converted 
into 49 by cytidinc triphosphate in the presence of a synthetase (see Scheme 
1 8). This enzyme is not commercially available for the time being, but calf 
brain is a good source," and purification to homogeneity is not necessary. 
This synthetase accepts substrates other than Atacef ylneuramink acid, such 
as Macetyl-9-p-acety)neuramintc acid (20), Mglycolyfneuraminic acid 
( 1 2). and, with less efficiency, "Kdn" (II). It is not possible to associate this 
syjMhelase Jo pyruvate kinaseand nucleoside-monophosphate kinase as j t 
three^nzyme sysjje.min a ^ingje vessel. forCMP is degraded by Ibis enzyme, 
i nis is nol a" severe pToMtm! lhc crude solution of CTP obtained by the 
reactions of Scheme 1 7 is separated from the gel by filtration, and then, the 
sialic acid and the immobilized synthetase areadded. Immobilized inorganic 
pyrophosphatase isalsoadded in order todrive to the right the equilibrium in 
Scheme 18, by decomposition of the product pyrophosphate (see Scheme 

|9) IS.IM* 

The preparation of cytidinc monophosphate A'-acetylncuraminic acid 
(49) was described by Aug6 and coworkers. 19 Immobilized nucleoside mon- 
ophosphokinase (0.6 U) and pyruvate kinase ( 10 U) were gently stirred at 
37* under nitrogen with CMP (0.5 mmol). ATP (0.05 mmol). and enolpyni- 
vate phosphate (1 .5 mmol) in 0. 1 A/ Tris buffer (pH 7.5) containing 35 mM 
KCI, 2 mM MgCI,, 3 mM 2-mercaploethanol, mM thymol, and 0.1 mM 
EDTA. The reaction was monitored by t.l.c. on PEI-cellulose with successive 
elulions with UCL 0.3 M(\ min), A/<I2 min). and 1 .6 A/ (47 min). After 2 
days, the gel was collected, and washed with 0.1 M Tris buffer (pH 7.5). and 
the filtrate and washings were used without further treatment for CMP-sialic 
acid synthesis. Immobilize^ CMP-sialic acid synthetase (3.7 U) and inor- 
ganic pyrophosphatase (6 Ufcwcre added to the crude preparation of CTP 
(0.5 mmol), together with A'-acelytneuraminic acid (0.5 mmol). The sub- 
strate was adjusted to 2 mM by dilution with 0AM Tris buffer (pH 9). The 
pH was adjusted to 9 and Ihe MgCI, concentration to 35 mM. 2-Mercap- 
toethano) and thymol were kept at 3 mM and I mM, respectively, and the 
mixture was gently stirred at 37* under nitrogen. The reaction was moni- 
tored by t.l.c. on PEI-cellulose as described for the synthesis of CTP, and on 
silica gel (7:3 l-propanol- water). After 10 h, the yield of 49 was 60% as 

()J) O. II. van den Eijnden and \V. van Oijk, llnppt-Scyifr's 2. Pfiysiol. Chcm., J5.1 (1972) 
181?. 



216 



SERGE DAVID ci at. 



2 P0 4 H, 
IP 




Scheme 19.— Enrymic Synthesis of Cytidioe Monophosphate MAceJyJneuraminic Acid 
Suiting from CMP. 



estimated by the thiobarbituric add assay" and the reaction was stopped. 
The gel was collected, washed with 0. 1 M Tris buffer (pH 9), and the nitrate 
and washings were combined, and purified by chromatography on a refrig- 
erated column (3 X 45cm)of DEAE-Sephadex A-2S (HCXV). Elution with 
a gradient of 0 to 0.75AS triethylaromonium hydrogencarbonate (pH 7.8) 
gave 49 as its di(triethyhmmonium) salt (234 mg, 52%X /V 0.53 (7:3 I- 

(74) C. Au«t and C Gautberon, CoOoque IbL Rfedift Support** Lyon, Join 1982. 

(75) J. TWera and W. Trader. Angew. Chan.. int. Ed. Engl-. 25 <l°*6) 1096-1097. 
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propanol- water); [a)» - 18* (c 1.9, water): 'H-n.m.r data (D a O): S 1.65 
(m. I H, H-3a), 2.05 (s, 3 H. NAc), 2.50 <dd. I H, 12.5, 5 Hz, 
H3<0,5.97(d, I H,/ u 4.5 Hz.H-1 ofribose).6.l0(d, I H,J iA l.S Hz. H-5 
of cytosine), and 7.97 (d, I H, H-6 of cytosine). 

The nucleotide-sialic acids 50, SI, and 52 could be prepared in the same 
way. w 

Table VII gives a list of nudeotide-sugars prepared with immobilized 
enzymes. 




50 R 1 •NHOOaij.R 1 = Ac 

51 R'^NHOOCHjOH.R^H 

52 R'^OH.R* =H 



V. Glycosylations with Transferases 

f . General Considerations 

GlycosyJalions occur in cells by the Leloir pathway, first demonstrated for 
galactosylation." The glyoosyl donor is a nucleotide-sugar, and the glycosy- 
latiori step proper is catalyzed by a transferase. At the same time, a free 
nucleotide is released which may be used to regenerate the starting nucleo- 
tide-sugar in a few enzymjc steps. Therefore, in principle, the role of nucleo- 
tides should only be catalytic Only a limited number of nucleotide-sogars 
occur in cells, so that any one of them may be involved in different types of 
coupling. On the of her hand, the transferase is highly specific, with respect to 
theglycosyl donor, the sugar acceptor, and the position and anomeric orien- 
tation of the coupling. Variations may be tolerated in the sugar units of the 

(76) L. F. Ldoir. Science, 111 (1971) 1299- I30J. 
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oligosaccharide acceptor not directly involved, but this pad ofthe acceptor is 
by no means totally indifferent. 

Relatively early reports (1 980- 1982) from Barker and his group described 
galactosylation" and fucosylation 79 with soluble transferases. 

2. Calactosylalion 

Scheme 20 shows the corresponding cycle, first reported for the synthesis 
of Maoetytlactosamine on the 10-g scale (R « H) t u and later utilized in the 




Scheme 20. — The Multi-enzyme System whfcfc Regenerates UDP<Jalacio«e in situ for Enzy- 
mic D-Galactosylafion. 



synthesis of many complex oligosaccharides (R - oligosaccharide resi- 
due). ,, ; ,WM0 The transfer of^^-D-galaclopyranosyl group from "uridtne- 
diphosphate-galactose" to 0-4 of a terminal, nonrcducing residue of Atace- 
lyl^rvglucosamine, catalyzed by galactosyl transferase (GT) releases an 
equimolecutar quantity of uridine diphosphate. This is enzymicalty phos- 
phorylated to uridine triphosphate by enolpyruvale phosphate in the pres- 
ence of pyruvate kinase. Another transferase, UDP-pyrophosphorylase 

(7?) H. A. Nunez and R. Barker, Biochemistry. 19 <I9M>) 489-495. 

(78) P. R. Rosrvtaj. K A. Nunez, and R. Barter, Biochemistry. 2J (1982) 1421 - 14} I. 

(79) C Aug*. S. David, C Mafhieu, and G Gautheroit, Tetrahedron Lett^ 25 (I9M) 1467- 
1470. 

(80) C Aug*. C Caotheron, and H. Pon, Carbohydr. Ret,. 193 (1989) 288-293. 
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